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Abstract 


In liio labordtordry,- snidll fecale vsilly soil beds were prepared using a reronsolidatioii 
tecdinique A senes of model load tests weri' cained out on plate witli untreated soil, 
with a single granular pile and with a group of three piles An at tempi is made to cor- 
relate results from the load tests on plate with single pile and that with group of piles. 
Fiiither, stability analyses of footings and embankments constructed on granular pile re- 
inforced giound are performed by using equivalent sheai st length concept. Reinforced 
giound IS replaced by an equivalent soil having the same extent The bearing capacity of 
the composite ground is determined by an approximate lower bound and a limit equilib- 
rium approaches, assunnng the footing to be rigid and the failure surface circular. These 
approaches predict lower increases in bearing capacity than the observed values. Using 
modified Bishop’s method, stability analyses of embankments on granular pile reinforced 
ground are performed, assuming circular slip surface. Based on the results of the para- 
metiic study, guidlines are suggested for the required extent of treatment of foundation 
soil below the embankment, for the optimal increase in the factor of safety. 
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Chapter 1 


INTRODUCTION 


1.1 Overview 

As more and more land becomes subject to urban or industrial developement, good con- 
struction sites are difHcult to find and hence the use of Ground Impiovement Techniques 
has become the best option, both technically and economically. In man} Civil Engineering 
projects, in-situ ground is generally improved to 

o increase the bearing capacrty, 

o reduce the deformations, 

o accelerate the stage of primary consolidation, 

0 increase the shear strength, and 
o reduce susceptibility to liquefaction 

The ground improvement methods can be grouped as - 

O Mechanical Modification: - Soil is densified by application of short term external 
forces. Surface compaction is carried out by Static, Vibratoiy/Impact and 
Plate Rollers whereas deep compaction is performed by heav} tamping at the 
surface or vibration at depth. 

O Hydraulic Modification, - In-situ sod is consolidated by lowering giound water 
table through pumping from boreholes or trenches in coarse grained soils while 
fine grained soils are improved by pieloading with or without sand/plastic 
drains. 


1 



Introduction 


2 


{•) PhyfiicaJ and ChrmicnJ Modijiralwn: - Thr aHniixtnres likr natural soilfe, nulus’ 
trial by-profluf t.s, rojurntjlioiis inatoridls and olhri ( hnuirals wlucli rf^art wit)» 
rarh other and/ur willj ground are mixed with .sinhue layers or columns of 
sod at dejith to HT]pr(A’<‘ the In-srtii gfoiind (ir<jutnig and thermal metlnids 
healnig and freezing are also consideted in tins talegors, 

(') Modijicaiion by Incluswi) and ('onJiiK went, - Sod is r<'inrt)iml by fibeis* strips 
bars, meshes, and fabrics {(Ic’osyntlielus) Reiiifornng elenienls are used to 
construct stable earth-retaining structures. In-aitu reinforcement is arhu'ved 
by nails and anchors 

The* choice of d particular melhod of ground Irnptoeerrietil depends n|)ori many fa(toI^ 
such as ' the type and degree of iniprovc'ment ircjurred, type of in-sitii soil, its geologic rd 
structure, seepage conditions, cost and type of project, availability of ecjnipnu*nl and 
matenai, constiurtion time, possilile damage to adjacent stiuc tines, leliaiulity of metliocis 
of analysis and design, etc (Mitchell, lOSl k Ilausmann, 1990). However there may be 
situations in whicli a combination of two oi moie of the im])iovenu‘iit methods is recpmecl 
for the improvement .of the in-silu gionnd 

Among llie various ground iniiirovement techniques, giaiinlai piles could be the most 
appropriate choice due to technical feasibility, low energy utilization, cost effectivenc'ss es 
pecially in developing countries like India. Large numbei of case studies also indicate tliat 
many difficult foundation sites throiigliout the world have been and are being improved b> 
installation of granular piles Besides improving strength and clefoi iiiatioii properties, the\ 
densify in situ soil, drain rapidly the geneiated pore piessuiTs, accelei ale consolidation and 
minimize post installation settlements. Ciraiiular piles allow the trc^alment of a wide range* 
of soils, ranging from loose sands to clays by forming reinforcing elements of low com- 
pressibility and high shear strength. Oiaiuilar piles can bo installed by Vibro-conipactioii, 
Vibro-replacement, Vibro-f’ompozc'r, (lased Borehole methods (lainmed stone cohiinus) 
and even by heavy tgmping dejjencling ii]>oii their proven applical^ility and availabiliiy C3f 
equipment m the locality The rammed stone columns incoiporate the additional benefits 
of heavy tamping as they in effect are preloaded 

Granular piles increase the resistance to liquefaction and minimize settlements follow 
ing it (Baez & Martin, 1992). No damage was observed from the treated sites wliercdn 
granular piles were used to improve the site characteristics which were subjected to ic*- 
cent Loma Prieta Earthquake (Miihchell L Wentz, 1991). Granular piles mitigate the 
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potmtlttl for liqiirfartioii and daiiiHgf l)y (i) pri'veiitiiig liuild np high porc' prcs^iirf 
(ii) providing cliainagc path and (lii) inrreasing tlir slrnigtli and sliffiiesN of groiiiKl 
Saito ft al (1987) rot tinnnrndod that stoiu’ sizt’s he to satisfy tin* cntoria 

20 < 9 dji.s, wIk'H' d,jr, and d,«s <oin^spoiifl to l')‘X' and K')‘X finer si/r^. of 

in-situ soils and dds to the stoiu' (olinnn inatnial 

Reported possible failure nieclianisnis for single granular pile are - bulging, geneial 
sfiear and pile failure. However Madliav <f,'‘ Miura (199-1) rejioit that bulging and pile 
failure are not mutually exclusive Based on Van Inipe K' de-Beei (1983) approach. V'aii 
liiipe k Madhav (1992) sho\\ that significant r«Mhiction in settlenuMit (an be arlneved b\ 
('onsidering the dilatancy of the granular pile material 

In the following section, t(*chnual lit<’ratur<' dealing with giaiiular piles has Ixvui le 
viewed The sc'ope of literalur(‘ has been d(x ided to reflect tlu' s( ope of further res('ar< li 
required in the a teas discussed in the thesis. 


1.2 Literature Review 

In this section a brief review pertinent to aieas related with graimlai piles that have Ix'oii 
proposed to be studied in tins thesis are present (-d 

1.2.1 General 

One of the oldest historical example of the use of graiiulai piles is found in I830'.s l)\ 
Prench military engineers, but the modern origin truly began m J.930\s in Ciermany b} 
their Russian Emigre (Alamgir ei n/., 1994) The theoietical hackgiound, analysis, design 
aspects and installation technique's have been de’veloped by various reseaicliers following 
which this method has been used extensively foi site improvement Some of these woiks 
have been reviewed and discussed at si'Veral conferences and symposia by Mitchell (1981 ). 
Madhav (1982), Barksdale k Bachus (1983), Aboshi k Suematsu (1985), Ranjan (1989) 
and Bergado ct al (1991). 

1.2.2 Load Tests 

Engelhardt k Golding (1975) presented a large scale field testing data pertaining to the 
stone column improved ground for construction of a sewage treatment plant on dwp, 
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.sofi, rolu*.siv(“ ftoilf, in arrd of In^li S(‘i,snur sijrq)tibilily tcsth coMclurt<*d lo 

(Icmonstratc tlir driisifit atioii of hatit! Icmm’s in robosivc' siib'Soil with respocl to liqnrfar- 
lioii potrntial. tho inijirovoiiKMil in sUcn^ll) projKTiu’h to n'sist llir horizontal force's aiul 
load-set I lenient lelatiunslnp 

Huglies tt al, (I9T5) projiosed a method to piediel the load-sc't tlenient relaliuiisinp 
for an isolated stone column in soft < la} prior to field testing "i'lie radial .strcvss strain 
data obtained from (lamhndge jrressnienietei was used to jireclict the load-setlleiiK'nl 
lelationship It has been concluded that the eslimatioii is reasonable if allowance is made 
foi lire load Iransfei from roluniii to in-sit u soil tlirougb side shear and determination of 
(olumn size acruialel} 

Na\’ak (1982) proposed a rational approarh for the design of stone columns Hedeii 
ated from general pi af tire of (oiuhu ling ))late load tests direr tlv on a single stone column 
to test the area re|)resented by tlu' singh* stone colimiii It was observed that the sc’t- 
tlement under actual foundation will not excet'd 3 tinu*s that from load test on a single 
stone column. 

Barksdale Bachus (198.'I) in their State-of-the-Art repoit piesented a guide sp<'< ifi- 
calion for performing vertical, short term (undrained) load tests Based on small model 
test studies in soft clay, they report lhal the method of apjilviiig load mfliiencevS th(' iilli 
mate capacity of a stone column. They suggested that the load sliould be applied through 
ligid plate or footing having area larger than the area of stone column Further they also 
discussed the rase histories in which vertical load tests and one lateral load test (clir<*( t 
shear test) were performed. 

Based on full scale load tests on enihankments constructc^d over granular piles, Beigado 
ei al. (1984) have reported that the granular pile^s reduce the settlement of soft clay 
foundation by as much as 20 to 40 % as compared to prefahricaled vertic.al drains. They 
also found that the ultimate pile bearing capacity was U to 4 times greater than tlial 
of untreated ground and the piles acted independently when spacing was 3 limes pile' 
diameter or greater 

Bergado h Lam (1987) investigated the behaviour of gramilai piles with differc'iit 
densities and different proportions of graved and sand on soft Bangkok clay, by performing 
full scale load tests. Three groups with 3 pile each, and two groups with two piles eacii 
were installed using a non-displacement cased borehole method. U was observed that 
for the same granular pile material, the ultimate pile capacity increases with increase in 
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<Iic* number of blows pei Uyer and gravel is the most effieieiit granular pile materia! wiHi 
high friction angle at smaller mimiiei of blows per layer Tli(*\ r(‘i)oited that tlu* ulliiutile 
|)ile caiJcKities and lire load-settlement (UiV(’s piedirted from the method of Iluglies ft al 
(1975) were m good agreement \Mth <’Xperimental data Siniilai to results of Hughes if 
(il (1975), they obse rved the bulging of giaiiulai pile to o< ( ui bcMweeii one third to one 
j)il(’ diameter below ground surfate 

Datye Sc Madhav (1988) studied the perfurmaiire of foundations on stone eohinm 
improved ground. A wide range of <a,se histories were studied A simple linear edastic 
model of stone column behavioui and <'f|uihbinim relations v»eie used with success to 
)>redirl the behaviour of improvi’d ground. The need for tlie semi-empinral methods and 
ii.se of load le.sts to evaluate the paiainelers was imdei lined in vievs’ of proljable di.stiirbain c 
raused during stone column installatuui and thedifficiiUy in jrrecisc Iheoretical assessni<’iil 
of the consecjiieiice of the stress (liaiigc's during installation 

Using small stale model m soft sod, Madiiav Sc 7’hii uselvam (1988) have studu'd tin* 
effects of the method of installation rased oi uncased holes, numfiei of lifts, coniparlion 
eneigy given per lift given to giannlai pile and pile spacing. They concluded that tin* 
settlements are less m case of cased bort' holes tlian in case* of umased bore holes. Laig<*) 
the compactive energy, the more numbei of lifts and closer is the s])aring, the better is 
the response of granular piles. 

DeStephen ct al. (l993) presented a rase history m which floating stone columns W('re 
used to support a Processing Clenter al a Nuclear Powei plant Short stone columns 
were installed into deep hydraulic hi! which was placed to reclaim the power station rkm 
T hey have described a vertical load tesl p(‘rfornied on group of ihn‘e columns using square 
plate, prior to mslalJing production stone columns. The load-sell hunenl relationship vias 
observed to be almost linear upto the twice design bearing pressure As dry installation 
technique with bottom feed system was used, heave of ground of about 15 cni was observed 
during the construction of stone columns 

Leung Sc Tan (1993) conducted a laboratory investigation to study the load distrii^u- 
lion and consolidation characteristics of a composite soil leinfoKod by a sand colunin. 
Under a constant applied pressure, they observed that the sand columns progr€ssivel> 
earned more loads and reached a maximum stress concentration factor after consolida- 
tion of clay has been completed. The maximum stress concentration ratio increased with 
increasing area replacement ratio and ap]) eared to be independent of the surcharge load- 
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ing proHsurc. They further reported tlmt, the magnitude of load nuried by sand columns 
depends upon the stiffness of sand (oluinii material and stated tlu* need for further studies 
to investigate the various factors tliat may affect llie load <hslnbution in (oni])osite soil 

Kefkai (k' "1 clang (IfWf) dlsi ussed (lie relative pel foj maiiM’ of rairimed stotu* pih^s 
\ibro stone columns and sand diains (sandwir ks) used to nnpi ove gi omul consisting c>| 
very soft marine clay for tlie constnution of petroleum storage tanks CJround ii(*ated 
with rammed stone ])i1ps resulted in IT/ moie stone consumption and deformed 15’/ less 
(both under short term load tests and long leim hydrotestmg) than those for liie vibro 
stone (olumns Howevei the Imu' fur const luction of rammed stoiu' (oluinns was reported 
to be 6 3 limes higlier than that for vibro stone columns. Sand wicks took the least tune 
foi (onstimtion but loiigei lime foi h\d[ot(‘stiiig and leatl to very high settlements, same 
as for the untreated ground 

Lee (i9’)4) jiresented a case histoi\ in wliicli foundation soil is improved by vibroflola 
(ion to reduce the deforniat ions foi const niction of two powei and desalination pfaii(s He 
pointed out tlie im))ortaiice of conliinions .soiiiuiing for the sideition of appropriate sod 
impiovement method The foundation soil consisting of sand with traces of silt oi sil1\ 
sand was improved using tlie impiovement procedure determined from the result of held 
trial piogiam, together with quality (ontiol criterion Based on field results, lie comlmied 
that cone penetration test is an adequate test for quality control work in cohesionless soil 
while plate load test is good altei native for cohesive soils Soil treated with stone backfill 
lesulted in better perfoimaiice for (ontrolling settlements than that treated using sand 
backfill. 

1.2.3 Bearing. Capacity 

Madhav Sz Vitkar (1978) proposed a method to estimate the ultimate bearing capacity of 
a strip footing constructed on sods stabilized with granular trench They have j^oslulated 
a failure mechanism for such fonudatloiKs and have derived analytical expicssions for the 
ultimate bearing capacity using ujipei bound theorem of limit analysis. From this studs 
they have affirmed that a granular trench significantly rein foi ces weak clay deposits. 

Based on analytical studies, Madhav (1989) proposed the inetliods of predicting bcai- 
ing capacity (considering both bulging and pile failure mechanisins) and deformations of 
granular pile- raft system. The efficiency of this system m increasing bearing capacity of 
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(lu* laft was also demonstrated The predirted values of hearing lapacity ratio foi pile 
failuies were found to be rlose* to lh<* nu’asuied values fioni sniall scale in-sitn tests 

By adopting differeiU limit ecjuililu iuin methods of aiialvs(‘s ICnoki (t «/, (19^)1) made 
a romjiaiative sliulv to pretJul ix'ar mg < apac it les foi giomid Iwuing iuimogeneoiis < (a\('\ 
lietejogeneons rlavey and sandy sod Kellejjjiis method lias been compared will) other 
appioaclies and found that for clayc'v gionnd, Fellenius inc'thod overestimates the bc'aimg 
(a])arity but underestimates the same* for ground having sand> tioil They presented 
an approarli to determine the sheai st length of composite giound reinforced with saml 
pries, in terms of equr\alent soil paiaineteis and performed hearing capacity analAsi'' 
for imjiroved ground. Tliej found tliat their analysis using equivalent sod paraiiietcTs 
overestimates beanng rapacity foi low aiea ratios diid nndei(‘sti male's for highei aiCM 
latios when compared with conventional approach using tupiivalent soil parameleis and 
(lie method suggested hy Abosin (( ai (1979). 

Asaoka ri aJ (1994) determined tlie bearing c apacity of soft clay improved with sand 
compaction piles boused on soil-water coupling limit analysis, using Cam Clay model Tli('\ 
found that for rigid- rough footing, drained condition provides gM’ater beanng capacits 
than undi allied condition for sand dm* to stress concentration at the top of sand pile's. 
However, embankments (flexible loading) yield greater beanng capacity than undiained 
condition due to dilatancy characteristics of sand. Ba,sed on fic'ld loading test, |1 h'\ 
reported that bearing capacity of soft day improved with sand compaction piles incrc*asi*s 
due to consolidation of surrounding clay caused by sand pile driven into clay irresped i\c' 
of disturbance of soft clay 

Bouassida ri al (1995) predicted beanng rapacity of soft soil reinforred by a group of 
columns (stone columns and hme columns) using yield design Iheoiy. Similar to equivahml 
soil parameters given by Enoki ci al (1991), they have derived expressions to detennme 
the equivalent soil parameters. It is interesting to note that for a given area ratio, with 
increase in the value of angle of shearing resistance of column material, the equivaleiil 
cohesion reduces for values of npto 27° — 30°. Howevei with further inciease m 
equivalent cohesion is found to increase rathei than decrease Also the expression given 
for equivalent cohesion does not satisfy the end condition foi the rase of fully reinfoiced 
ground i. e. for = I.O This may be due to their assumption made regarding the esti- 
mation of lateral stress acting on the column Their approadi appears to be appropriate 
for improvement in bearing capacity of .soft soil using Hme columns whereas for stone’' 
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(oluinns, it yields very low iniprov<‘nu’nt 

1.2.4 Shear Resistance 

Hathgel) k Knlznei (197*)) have di'si i ilx'd case ln‘'t<)iy in wlndi the foinidatiDn soil was 
nnprovetl b\ tlx* vil>rore|>laren]eij( pnxess to obtain iix leased l)earing capanty ainl to 
ledure settleiiionls Tbe> have tamed oiil the stability analysis of a embanknieiit foi a 
motorway constructed over soft ground in which only the area under the einbankinenl 
side slope was tieated by gianular piles They used circulai slij) sniface analysis i>{use(l 
on Fellenins nietliod and grid patlerii stvirtb terlinifpie to oblain the minimum factor of 
safely 

Pnelje (197()) suggested a theoiclnal approach using the (on((‘])t of infinite giid of 
stout* columns henealh a rigid lafl. A (onstant vtiluniefor the conijjacted backfill inateiial 
W'as avSsumed and the influence of the tleatl weight of the soil and tolumns W’as negleded 
Using equations of elastitity and Kankint* eaitli jiressuie tbeoiy, etpiations w'eie tleveloped 
foi the settlement behaviour and sbeaiing lesi stance of tlu* improvt'd gioiind (I harts weic 
])resent€‘d for rapid determination of e(|uivalent soil paiaineters used in stability aiial\si‘' 
foi embankments constructed on improved gioiind using gianulai piles. 

Almedia ei al (1985) coiiclucLed centrifuge tests at 100-f/, of embankments constiut l(‘tl 
on strengthened, normally consolidated kaolin clay. Tests were perfoimed using stage coii 
struction techniques for average embankment heights of 1 1.6 ni and 13 in foi unreinlorcecl 
and reinforced cases respectively Efl'ective stress analysis produced factors of safely be- 
low unity, which they claimed is a consequence of tlie side friction developed inside the 
centrifuge model containei They fiiithei suggested that for embankments on gramilai 
piles, small facloi of safety of the oidei of 1 1 to 1.2 can be toleiated at the start of eac'li 
stage of construction. 

The shearing reaista.nce of the soft ground reinforced by granular pilc^ is cstiiiiatc'd 
based on planer shear failure mechanism. Madhav (1992) earned out direct sheai tests 
on model unit cell and found that the shear resistance of the composite granulai pile 
reinforced ground depends upon the stress level, the modular ratio of granular pile and 
soft soil and on the inclination of the failure surface, in addition to area ratio He also 
added that the modular ratio, actually operative in the field could be somewhat large i 
than the values estimated based on 1 -dimensional tests. 
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1.3 Scope of & Motivation for the Thesis 

Id thr j;r(’V)ous src tioij, ri’VM*w tA htpj/iliiM* pritauiinfi lo !])(’ firicl and labotrtlI)I^ 

load Irsls on gramilai piles hpriiinp, <cij)<i(it\ of (onipt)sili* gioimd and Jitahdit^ of nil 
haiikiiKMits roiisti u( ted on soft ground KMiiforM'd with girtiiulai piles is presented d'lu' 
motivation for further research in the a hove areas and orgaiiijiat loii of thesis woik are 
presented as follows 

Review pertaining to load tests pe? formed on single granulai pile or group of pih's 
indicate that field load testing is an nnjioitaiit stage to determine tlie quality control i ti 
lezjon and lo verify the design s|><*c die at ions for tlie effective j>erforiJiance of the improu’d 
giouiul rdIcH ts of various parameteis that may affect the peifoTmante of granulai pih's 
w'eie studied bv both full scale (in-situ) and small model laboratoi y load tests. It is \isnal 
practice to conduct load test eilliei on single granular ])ilc’ or on gioup of granular pdc"' 
(m most case's thrc'e pi I es) This indicates that it is necessary to determine the correlation 
lieLween the load test on single pile' and tliat on gioup of ])il<^s so that the* relation can be 
extrapolatecj to predict the performance' of composite gremnd obt aim'd by installing the 
granulai piles. 

.biteiature leview' pertaining to bearing capacity indicates that several design ap- 
proaches are available to determine tlu' ultimate bearing capacity of composite gioniid 
leinforced with single granular pile based on different inodes of failure. These ajiproaclK^' 
assume a trench like reinforcemeni iindei the plane strain assumption (JVIadhav ^ Vitkai 
1978) and foi an isolated column in axisymmetric condition. Large number of field tests 
indicate the validity of these approaches, Very few attempts (Enoki ef al, 1991 and 
Bouassida ef a/., 1995) have been made to deal with the case of a soil reinforced by gioup 
of granular piles Howevei these ajiproaches undei estimate the bewaring ca])acity of rein 
forced ground compared to the actual observed values. Hence it is necessary to develojx* 
a method which can predict appioptiate lesults and considc'rs tlie effect of failure surface* 

Literatuie review pertaining to stability analysis of reinforced embankments on fc»- 
iuforced soft soil with granulai pile's reveals that different approaches based on Imiil 
equilibrium method are currently available for the stability analysis of the embarikmeiils 
Generally the stability analysis is pei formed assuming the critical .surface as circular slip 
surface. In one of the earliest woik, Rathgeb h Kutzner (1975) analyzed the stabilily of 
embankments constructed on soft ground reinforced with granulai pile.s using the Fellc*- 
nius method cLSSuming circular slip surface The shear parameters of composite soil are 
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clotrt minted by lifting the approfic lifs suggc'fttrd hy Priobr (197^), Uarkftdalr ^ Haclni*' 
(1981}) and Enoki ri al (1991) Aliosln r( al (1979) pirsiMiled a iiK'lliud wliicli taki's into 
fi( roiint lli(’ pfTorl of stress ( one cut lal ion. Saliliahit {1994) inluMlmed llu* conrrpt of tin 
o))tniinni pile length for the niaxiinuni iin lease in factor of safel\ foi a given enihankini’iit 
I'loni lliose studies it is found tliat llieie is a need to devidope the guidelines regal ding 
the extent of treatment of foundation .soi! foi the optimal im iea,sc‘ in factor of saff9s 
Based on above discussion, the topics for the present investigation has been chosen 
The scope and organization of the thesis is described below 

In (9ia])ter 2, tlie |)rocedure to prejiare soft clay bed using rec onsolidation terhni<in«’ 
IS explained The small scale model load tests conducted on c umjjosite giouiid reinfoned 
with single granular pile oi gioup of pile's are desciihecl 

Tlie results ohLauK'd from these’ nioded le\sts are analyzed in (’hajjter I}. Disc ussnms 
and conclusions aie made basexi on tin' te\sl re'sulls 

The pioceduie to determine be'aiing eapaeity foi leinfoieed ground witli group ol jiilc'* 
assuming rigid footing is develojx'd in the (Ihaptei 4. Effe'cl of elifTerent variable’s on 
hearing capacity is studied. 

Chapter 5 deals with stability of emliankments constiucteel on soft ground reinfoned 
witli granular piles Using equivalent sheai stieiigth paiaiueleis and assuming cireulai 
slip surfaces, stability analyses aie rained out. Based on the results of stability analysii'. 
guidelines are suggested for the reqiiiied extent of treatme^nt of foundation soil for the 
optimal increase in factor of safety 

Results and concJusions obtainc’d fiejin these studie's are presented in the Chajiier 6 
The scope for fuiUiei investigation is mentioned. 




Chapter 2 


LOAD TESTS 


2.1 General 

To develop a quality coulro! piogiani oi to verify oveiall design sper ifiratioris for granular 
pile reinforced ground, standard |)enetiatioii tests (SPT), (one ])enetratioii l(\sts (CPT) 
and/or plate load tests are performed, dejiending upon the type of sub soil. Iiistallrttion 
of granular piles in cohesive soil lesults in the deposition of jiartub^s in more den.se 
whereas that gives the reinforcement effect to cohesive stdisoil. Foi ground involving co 
hesionless soil, CRTs are partindai ly nsefii) foi quality rontiol vvoik which aie nornwlh 
performed m the center of the grid to lie on a conservative .side (U^e, 1994). Plate load 
tests are useful for evaluation of efFec tiveness of granular piles in cohesive subsoil Plate 
load tests are carried out to determine (i) ultimate hearing capacity, (ii) settlement chai- 
acteristics, (iii) shear strength of th(' composite giound, and (iv) to veiify the ade(^uac^ 
of the overall construction process The type and number of field tests performed depcMid 
upon the specific application of the gianular piles and also many othei factors such as 
subsurface conditions and the degiee of conservatism used in design. 

From a liteiature review it is observed that the majority of i (‘ported field tests aie 
vertical, short-term (undrained) load tests, peifoimed on eithei a single granular pile oi 
on a group of granular piles (mostly three piles) In the present analysis, an attempl 
made to correlate the results obtained fiom the plate load tests on untreated soil, a single 
pile and on a gioup of three piles. In the laboratory, silty soil beds are prepared by using 
rcconsohdaiion technique, as suggested by McManus h Kulliawy (1993) Granulai piles 
are constructed and gmall scale model load tests carried out 
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2.2 Preparation of Soil Deposits 

'I’hr f’riilin studies mduate tliat tlu* niudel Uidd tests were (oiKlnrted using eitlu'i 
siiirtll scale iii'Situ soil deposits (Madliav 1 1)^)2) oi renundded soil samples (Hughes jL 
Wilheis. 1975, Madhav k' Tim usel vein, 19S.S. buang dan. 1992) In tlie present load 
testing prugidiii, soil beds aie piepaied by u.sing tlie reronsolidation technique. McMaims 
k Kulliawy (1993) describe the detailed iiiethudologN of tins reronsolidation technujiK’ to 
j)roduce uniform and. identic a! soil dejiosits in tlie latioralory, 

Kven though no sod in nature* is foriiied by the process of reconsolidation, tins nieliiofl 
js adopted due to the following reascjii.s 

o This met liod removes man\ mu ertainties witli field dejiosits, im ludmg in-sit u stresses 
stress bistorv and soil inhomogeiieily 

o Soil propel ties are reprodiuilde 

2.2.1 Principle of Preparation 

Slurry was pre])ared and poured into tlie tank above d sand layei Vertical sui charge si less 
was applied through a mechanical jack at the to]) surface as shown in Fig. 2 1. Filtered sick* 
drains and the bottom sand layer dischaiged excess pore w’ater at almospheiic pre.ssiiK' 


Appljed LoAd 



Figure 2.1. iS'r/ieinatir of (!on sol id at ton System 
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2.2.2 Soil Used 

Lcxallv avaiUlilr ram])us silty soil is nsocl for llio j)rt*|>airttioii of Uir soil licds This soil 
is an alluvial deposit and lias (oiiijiosition of 10 12% sand, TTi 80% sill and 10'1')9( i lfi\ 
'I'he liquid Innil. iri, and pla^sluitv index. /•'/ of the silt were .}1‘X and 15% res|)e<li\iU 
I .S Cla^ssifn ation of this soil is - CL 

2.2.3 Slurry Preparation 

SiUv sod v\a.s an dried, broken down to j)owdei form and then used for the prepaiation 
of sliirr> Required ciuantity of soil was mixed with known amount of water in a tub and 
tlie mixture was kepi foi about a wei'k for saturaiiou The noi mal piaetice of making 
slurry for preparation of soil beds using the reconsolidalion te{liui(|ue, is at a initial ssalet 
(oiiteni equal to tw'ire of the liqiinl limit However in the present experimental slinR 
hand- mixed slurrv wax prefjared at the initial water eon tent varying betwef^n ^0 and 
j e ] ]?-] 24 tunes the liquid limit '^I'hLs rnteria was selerled to avoid very laigr* \idiinn 
ebange taking place during the consolidalion phase and theiebv obtaining depo.sits luuiiig 
moderate ibicknesses, 

2.2.4 Consolidation Tanks 

Two tanks made of CH sheets, eacli 390 mm diameter by 330 nmi deep, were coiistnirled 
The size of tanks Wcis selected to keep the weight manageable during handling of the tank 
For the lateral rigidity of the tank, foiii small metallic strips having width 30 mm were 
attached at the outer periphery of the tank 3o allow drainage of excess pore walei, a 
one-way valve was provided near the luise of the tank, The expeiimental setup is shown 
in the Fig. 2.2. 

2.2.5 Sample Preparation 

A 60 mm layer of Ganga sand was plared at the bottom of the lank. It was kept satuiated 
with water for a period of about 10-12 hours. The excess watei was allowed to drain 
through the bottom valve. The sand was covered with a circulai filter paper to avoid 
intei mixing of the sand and slurry Side filter drains in the form of strips were placed 
along the inner surface of the tank Slurry was well mixed to ensure that mixture was 
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Figure 2.2: View of Experimental Setup 

homogeneous. Then first layer of slurry was poured into the tank, upto 90 mm (one-third 
height of the tank). The top surface was leveled off and two layers of filter paper in the 
form of sectors were placed. This procedure was repeated for the second layer of the 
slurry. The topmost surface of the third slurry layer was covered with a ciicular filter 
paper. Then at the top, a metallic plate having diameter 380 mm was placed. In order 
to distribute the applied stress uniformly over the tank, three smaller plates of diameters 
300, 125 and 57 mm were used. 


2.2.6 Loading 

Vertical surcharge stress was applied in two stages. In the first stage, only top four 
metallic plates were used resulting in a very low consolidation pressure of 0.5 kPa. This 
was selected to avoid squeezing of the slurry. During the first phase, surface settlement 




Load Tests 


16 


was nieriAnrrd with a nit^chaiiKal dui) giiage placed at the rentei of top plate The dial 
guage has a least count of 0 01 nnn arul hO nini travel 'Idiis was kepi for a penod of 21 
hours Then tlie dial guage w’as removed and lank was shifted and centered helow the 
loading flame 

In the second ])hcuse, veitical shess was a|)j>ln‘d tliioiigli a niei'lianica!, haiid-ojxual ed 
jack Deadweight supported on metallir frame* as shown in the Fig 2.2, was used lo 
j)rovidp the reaction for the inechanieal jack Load w'as applied verlically and coiucMitru 
to the lank A ball bearing arrangement was used to avoid any possible eccentricity of 
the loading Applied load W'as nieasuied with an electronic load cell having least count 
of 0 01 kN and total capacity of 10 kN Observations of veitical displacement of tlie to|) 
surface were made with three htieai varialjle displac'emenl transducers (LVDTs), hautig 
20 mm iMvel and least count of 0.01 mm Plastic cvliiuleis lia\]ng 26 mm height wc’ic* 
provided to obtain the continuity m c'xt ending the laiige of the giiages Two of LVDTs 
were positioned dianietnrally opposite* to eac'h other, at c-cpial distances from tlie ccMitc'i of 
the tank, the third is at right angles to the otheis LVDTs weie attac heel to cross-channc'l.s 
of the loading frame by metallic elaiiijis 

Load w'aa increased progressively to the maximum pressure (22 kPa) in a penod ol 
nine hours resulting in rate of loading about 2 clh kPa ])ei hour I’lie maximum pic'ssnic' 
was continuously monitored during next four days. It was ensured that the top surface 
was kept flooded with watei On the sixth day, unloading was done in four hours The 
typical load settlement curve during the consolidation process is .shown in Fig 2 3 

After unloading, tank was shift c’d and the top plates were removed Then granular 
piles were installed 

2.3 Installation of Granul 2 ir Piles 

Granular pile construction involves partial replacement of sub.soi) with a rompaeled verti- 
cal column of granular material that usually conipletely penetrates the whole weak sliata. 
In the present study, a method similar lo the construction of rarnmed s1on( cohnuDs is 
used. 
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Figuic '2 3 Loac}‘Setik'iiicnt (luiing (hnsulidhtiDu of Drpo^ii D-i 


2.3.1 Granular Pile Material 

The granuJar pile material used to construct these pile^s consists of a mixture of giacel 
and Kalpi sand in 2:1 proportion, by mass, The grave) material is whitish-giay lime- 
stone crushed aggregates. Kalpi sand is not a typical river sand like Ganga sand It is 
bulky having elongated, angular grains coated with carbonate The grain size clisiribntion 
curves of these materials are shown in the Fig 2.4. 

Based on the results of the sieve analysis, the sand, the gravel and tlie gravel-.sund 
mixture were classified, respectively, as well graded sand, poorly graded gravel and gap 
graded sandy gravel The minimum and maximum unit weight.s of the gravel-sand mixture 
were 15.961 and 18 462 kN/m^ respectively, Oedomelei tests indicated the compression 
index = 0.012 to 0.014 and coefficient of compressibility, 7?i„ = 1 3885 to 0.185 
m^/MN To obtain the internal friction angle stiain contiolled laboratory diiect slnvii 
tests weie performed. The angle of shearing lesistance of granular material, laiiged 
from 38^^ to 43°. 


FINER BY WEIGHT 
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Figure 2,4, Grain Siy.r l^istnhutiun of Gianulai Maionais 

2.3.2 Installation Procedure 

A l)o!o of recjuiied djaiueler Wd,s luadr by dDvujg an opeu-endec) pipe and then extrarlnig 
the sojl by rotating and subsequent withdrawal of the pipe Tlie uncased hole was filled 
with the gravel-sand mixture, in thiee layers and each layer was tamped uniformly Aflet 
installation of granular piles in a deposit, the top surface was coveied with a thin layei of 
Kalpi sand 

2.4 Load Tests 

A senes of siual] scale, model plate load tests were carried out. The load from the loading 
frame was applied through rigid circulai plates of diameter 40, 7f) and 125 min. bofuls 
were increased in stages and settlements were measured through LVDTs with a least conul 
of 0 01 mm. Readings for each load increment were taken till the change in the settleinmil 
was less than 0.02 mm in 1 min. Test was continued till either a sttess level of 200 kPa 
or a total settlement of 20 cm was reached 

Three plate load tests weie performed on a single soil deposit. The typical test ai- 
rangement is shown in Fig. 2.5. 
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Figure 2 T) 7’\7)ird/ Load 'lost AriHiifirmrut 

The paiameters varied were Llie miniher of gianular piles (no pile, a single pilt* aihI a 
group of three piles), diameter of gianular pile (fi, = 25, 30 and 33), diAiiietei of phih- 
= 40, 75 and 125) and sparing of granular piles (s/d^ latio = 2, 2.5 and 3) 7 'Ih 
lesults obtained from these load tests aie presented in the next Chaptei 

0 


I 


Chapter 3 


DATA INTERPRETATION & 

DISCUSSION 


3.1 General 

In this CJIiapter, the results obtained from the recoiisohdatiori of the soil and the pliite 
load tests aie piesented and analyzed Based on tlie analvMs, dis< ussion and coiirliision^. 
are made 


3.2 Consolidation Results 

During consolidation, vertical stress and top surface displatemc'nl were monitored and 
recorded continuously. The surface displacement measurements weieused to pstimati* llu’ 
end of primary consolidation. Pore water stress measure menis could not be made. 

3.2.1 Surface Settlement 

The average surface settlement duiiiig Die consolidation pioress i.s observed to be aboul 
55-60 mm (20-22% of the total initial height of the slurry sample). The reported setlle- 
ments (Mcmanus Sz fCulhawy, 1993) during the recon solid alien pioress are about 50‘X of 
the initial height of the slurry volume with the initial watei content equal to twite the 
liquid limit, wi of the soil sample. In the present study, slurry was prepared at tlie inilJal 
water content equal to about 1,2 times xul,. 
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1j) sonir of the (loposit.s, (iiffpinilhil M'ttlpini'nt.s of ribout ) 2 ( ni wtTo obfiervpd 'I’Ins 
iiiav hv (lup to tlip ec(rnlririlv of tlu‘ loail dining tlic < onsolidation pioross Th<‘ 

typical tinir-srtllniiPiU rurvt* duniig tli<‘ c onsoliddtion proic'.ss is flojinU'd in Fig 2 ‘i 

3.2.2 Consolidation Time 

('onsolidation vscus considprod lo bo r.sspiilially roniplolo when thoro was no furLlipr iiipa- 
sural)lp chaiigp in the lop plalp dihpUcpiiipnl. Tlip amount of tinip loquirpcl lo roii.solidali' 
Ihp soil deposit estimated was about 1 .7S lo 3 30 days This is l)aspd on the values of co- 
efficient of consolidation, c*, = 1 ISxlO"" lo 0 O-IxlO"' ni'^/s, obtained from lemonlded 

sample at initial walei rontc'iit of 2')% McManus k Kulhawy (19^13) suggested the tinic' 
lecpiired for the prejiaratijm of sue h deposits may be calculated as deptli in ilietei time's 
lb davs Using this tirediction, the consolidation time is about 1 3b days Oedoinc'tc'i 
tests ])ei formed on tlie samples takc'ii fioni the leconsobdatc'd dejiosits iiidic'a.l('d c,. ~ 
2.93x10“' to I 3^1 X 10“' m^/s which lesuited in the consolidation time of about 0 72 to 
! 3() days. Hence the prc^dictioiis baseil on the remoulded sample overest iniatc^d the con 
sohdation tune aetually obseived McManus X: Kulhawy 's rriteria is found to be in Ihc' 
observed time range. Howevei tlje loading was continnefl till there were no signihcant 
fluctuations in the applied stiess intensity. This resulted in total time span of b days. 

3.2.3 Consolidation Indices 

The oedometei tests _ppi formed on the leeonsolidated sample.s inch rated the comprc's.sion 
index C = 0.1 13 and f ’j. of the gramiJai pile material (reported in Section 2.3.1 ) is 0,013 
The ratio of compression indices of the gianular pile material and the reconsolidatod soil 
is about 9. The compiession ratio of leeonsolidated sample, is equal lo 0.1794. The 
coefficient of volume change, m„ = 1.388b to 0.18b m^/MN, for the stre.ss range of 2b to 
200 kPa The maximum past consolidation stiess, a„„, is ob.served to be between 10 tcj 
15 kPa, indicating that all the stress applied (22 kPa) was not virgin stress 

3.2.4 Water Content Profile 

Large number of watei content ineasiuements were made by dissecting the deposits and 
daring the excavations for installation of gianular pilei? The mean coefficient of variation 
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(COV) for individual deposits was typi^all 3 ' 0 01 to 0 02, with a worst rase of 0.05, ifjrh 
(dling that a high degree of unifoinnly was achieved within each deposit The mean w’alei 
loiiteiit value's of tlie individual soil deiiosits ranged from 24 1 to 26.7^( with an ovcnall 
mean value of 25 .1 and a C’OV of 2% indicating that good repeatahilily was achieved from 
one deposit to another The variation of water content veises depth is plotted in Pig 1 1 
which shows a steady derre^ase in watc'r content with increasing depth, as expected 1 he 
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Figure 3 1 Water content verses Depth of the Deposits 1)1, D2 D3 

trend m variation in the water content is .small, and the uniformity throughout the d<*po.sit 
ap])ears to be high. . 

3*2.5 Subsurface Settlement 

During dissection of the soil deposit, inner settlement profile was obtained from the ])osi- 
tions of filter papers placed inside the tank. The differential settlement of about 2 cm wa.*' 
observed, almost in all of the deposits This is possibly due to the side friction develojied 
along the inner surface of the tank 
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3.2.6 Strength Measurement 

Shear strength nuMsurenieiiis were made h} performing the fall miu' tests. The apparatus 
used IS hiniilai to the jXMietronietei .sj)e(ihec} l\v IS 2720 (Part V) lOSr) having a stainless 
.sleel fone U'ltli ‘JO" apex angle and 100 g mass The profedure aiifl the forrerlion farUn 
are as suggested h) Wood {lOSTj). TJie undrained sheaj strength ranged between () 0 
and 10 3 kPa Vane sheai tests could not be perfoiined as difriruKies occurred while* 
determining tlie spring correction factor, Furtlier, the available Pocket Penetrometr*r was 
found unsuitable as it has least count of 25 kPa Tri axial UU tests resulted in Cu = 10 kPa 
and = 4^^ 

3.3 Post-Installation Observations 

It was observed that during installation of gianulaj j)i]es, the diameter of l)ie granular pile 
is slightly grealei than the pipe diameter. Tins is due to enlargeinent of uncased holes 
during tamping of the gianular material The observed diameters of the pile.s were 27, 3.J 
and 36 mm 

Similar to a case study reported by DeSleplien f/ al (1992), surface heave of abonl 
0.5 to 1 0 cm W’as observed This is because the dry method displaces the surrounding 
soil during the installation of gramilai pile*. 

3.4 Load Test Results 

As mentioned earliei, three types of small scale, model load tests were perfornied on plntc’ 
with-unreinforced ground (UPLTs), a single gianular pile (SPLTs) and a group of ilnee 
granulai piles (GPLTs) The parameters varied aie the diameters of the plate and of llie 
granular pile and spacing of the piles The details of these load tests are summeriml in 
Table 3 1 . 

In Fig. 3.2, the typical load-settlement, time-settlement and stress-settlement curves 
are presented for the load test SPLT5. It can he observed from this figure that the total 
settlement is composed of immediate settlement upon loading and consolidation settle- 
ment from the silty soil. A single unloading stage was also conducted for tills test. The 
subsoil below the plate exhibited permanent deformation after unloading This appears 
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(inc io ilu‘ roiisolidatioii of th(^ silty soil Tlio remainnig load tests weie performed without 
the un loading stage 


Table ,1.1’ ^Summary of Load Tests 


Load 

Test 

No 

Tjfpf 

of 

Test 

Notation 

Did of 

Plate 

dp, mill 

Dia of 

Gr PiU 

dg, mill 

PiU 

Spacing 

.S', 111111 

Surface 

Area Ratio 

v% 

1 


UPLTl 

40 

- 


- 

2 

Unremforcpcl 

upi;r2 

B 

- 

- 

- 

3 


UPLT.l 

■n 


- 


4 


.SPLTl 


36 

- 

HI .00% 

5 


SPLT2 

40 

33 

- 

68.06% 

6 


SPLT.l 


27 

- 

45 .56%. 

7 

Single 

HVLT4 


36 


23.04% 

H 

Pile 

SPLIT, 

75 

33 


19 36% 

9 


SPLT6 


27 

~ 

12.96% 

10 


SPLT7 


36 

- 

8 30% 

11 


SPLT8 

125 

3.1 

- 

6 97% 

12 


SPLT9 


27 


4.67% 

13. 


GPLTl 



55 

14.00% 

14. 


GPLT2 


27 

68 

14 00% 

15 


GPLT3 



81 

14.00% 

16. 

Group 

GPLT4 



66 

20.91%. 

17. 

of 

GPLT5 

125 

33 

75 

20.91% 

18. 

Piles 

GPLT6 



99 

20.60% 

19. 


GPLT7 



72 

24.90% 

20. 


GPLT8 


36 

90 

23.68% 

21 


GPLT9 



115 

11.40% 






































Figure 3.2; Typical Load Test Results for SPLT5 
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3,4.1 Load Tests on no Pile &: Single Pile 

For load tests on untreated soil, tlie plate djanielei i.s varied* In the load testb on plate 
with single pile, the diameters of the plate and of the granular pile are varied. The stn'ss 
.settlenient curves olitained from thr(*e tests on unreinforc (‘d soil and nine load tests with 
single granular piles fot three plate dianieteis are plotted in Fig 3 3 

These plots confirm the fact that the reinforced gioimd will yield higher uitimati* 
bearing capacity than lliat for llie untreated ground A.s can be schm) from the curves in 
Fig 3 3, not only the ultimate bearing capacities but also llie initial slopes of the sires'* 
settlement curves decrease with clenease in area latio, fir This ma^t he due to the fad 
that an increase in tlie plate diametei results m higher contribution of the surrounding 
soft soil III the loaf! test 




Settlement, 
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Applied Stress, kPo 
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Figure 3.3* .STres.s-iS'eU/eujeu/ curves for Load Te.sl.s ou .STiig/e Pile 
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Data Interpretation <S^ Dtscussion 

The results of the load tests on plate with single granular piles are also plotted in ihe 
form of load -settlement curves in the Fig. 3 4. 



Figuie 3.4, Load-S'ett/eiueut for diffeient values of Area Ratio 

This plot also shows that with innease in values of area latio, a^, the initial slope of 
the cuive and the ultimate load inriease for the load tests of th<* same plate diainelei 
Similai observations can be made foi the remaining load tests performed on plates of 
difFeient diameter. 


3.4.2 Load Tests on Pile Groups 

All the load tests on plate with gioup of three gianulai piles were performed using the 
plate having diameter of 125 mm The paraiiieteis varied aie the diametei of granular pile 
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and the sparing between the piles, The results obtained in the form of stress-seltlemeid 
ruives for thiee diffeient pile chanieteis are jdotted in Fig 3 h 


Applied Slress kPa 



TEST 

ooo e o UPLT3 
m^OGPLTl 
iriHHHt GPLT2 
t H n - GPLT3 


(CL) 


Applied Stress, kPa 



Cc) 
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o&Befl UPLT3 
+++++ GPLT7 
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GPLT9 


Or 

(0 00 %) 
(uoo %) 

(14 00 *) 
(14 00 *) 


Applied Stress, kPo 



tuoo » 
24 90 
23 68 %) 
11 40 ») 


Figure 3.3. Siiess-Seiilemeui ruives for Plates with 3 File Group 
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From these figures it can be seen that nearly all the tests exhibit similar stress- 
deformation behaviour. Similar to the load test results on plate with single granular 
pile, with decreasing area ratio, a^, both the ultimate bearing capacity and initial slopes 
decrease. There is marked increase in the degree of reinforcement foi the case of group of 
three granular piles 


3.5 Interpretation of Load Tests 

The stress-displacement curves obtained from all the load tests are plotted in Figs. 3 3 and 
3 5 In order to estimate the ultimate bearing capacity and the initial slope, the data was 
replotted on a hyperbolic plot- 8/q verses 6 plot The initial slopes, kg and the ultimate 
bearing capacities, q^u are determined Further, undiained modulus foi untieated, Eu and 
granular pile treated soil, E^q are detei mined fioni stiess-immediate settlement curves. 
All these results are summerized in Table 3 2. Discussions are piescnted in the following 
subsections. 


Table 3 2: Summary of Load Tests Results 


Load 

Test 

No. 

Type 

of 

Test 

Notation 

Area 
Ratio 
ar % 

Subgrade 
Modulus 
hsy kPa/mm 

Ultimate 

Bearing Capacity 
Qulty kPa 

Undrained 
Modulus 
Buy MPa 

1. 


UPLTl 

- 

8 01 

131 02 

1.000 

2. 

Unreinforced 

UPLT2 

- 

3.24 

90 82 

0 942 

3 


UPLT3 

- 

2 49 

88.11 

1 155 

4 


SPLTl 

81 00% 


581 25 

2 38 

5 


SPLT2 

68.06% 

41 25 

376 00 

2 15 

6. 


SPLT3 

45.56% 

21 82 

505.59 

1.82 

7. 

Single 




262 47 

1 46 

8. 

Pile 




232,52 

1 36 

9 





200.71 

1 27 

10. 




7 59 



n. 


SPLT8 

6.97% 

6.04 



12 


SPLT9 

4.67% 

5.45 

149.79 


13. 


GPLTl 

14 00% 

10.69 


1.48 

14. 


GPLT2 

14.00% 

10,00 


1.36 

15 


GPLT3 


9.09 


1 25 

16. 

Group 

GPLT4 



437 03 


17. 

of 

GPLT5 



385.04 


18. 

Piles 

GPLT6 

20.60% 


563 91 


19, 


GPIT7 

24,90% 


451 12 


20. 


GPLT8 

23.68% 


442.31 


21. 


GPLT9 

11.40% 


350.67 

1.71 
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3.5.1 Subgrade Modulus 

From the results in Table 3.2, it is obseived that in addition to area ratio, the subgrade 
modulus IS function of the plate diameter and the number of piles (single pile or group 
of piles) With decrease in the plate diameter and inciease in numbei of piles, the 
values are found to increase for the same area ratio, Ur- The ratios of subgrade modulus 
of reinforced soil to that of untreated soil, plotted against aiea ratio, m 

the Fig 3 6 This figure shows that with increase in aiea latio, the subgiade modulus 
ratio, kseqlkg increases for all the tests Theie is wide variation in kseq values for the case 
of load tests with single granular pile which may be due to possible experimental and/or 
estimation eiiors. The equations of best fit linear curve for the case of plate load test on 



Figure 3.6: Subgrade ModuJus Ratio verses Area Ratio 
plate with single granular pile is 

Keq — (0,1 • Ur T 1*0) ks (3-1) 

and that for pile gioup case is 

ka^q — (0.205 ‘ Cf H- 10)' kg (^*2) 

where area ratio, aj. is expressed m percentage. 
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3.5.2 Ultimate Bearing Capacity 

3 hr ultinMlr braring (aj)arjLirs of tjraird and ontrratrd soil, are also drlrriniiird 
from llir liy])rrl)olH plots For tlu* case of uiiliratrcl soil, thr ultiinaU* lirariiig rapa<it\ 
valors arr 131.02. 90 82 and 88 11 kl^a ( orn'Sponding to the plaU's having cliainrtiM 10 
75 and 125 mni, indicating that ultiinatr bearing capacity depends upon thr plati* si/r 
This may be due to possible size and side effects during th<‘ load tests With iin rrasi^ 
jn area ratio, ultimate bearing cajiacit}' is found to increase, as expected Foi the sami* 
plate diameter, the bearing rapacity ratios, BCH are determined and plotted in Fig 3 7 
against area ratio. With increase ui values of area ratio, B(’K iiu leases linearly for holh 



Figure 3.7. BC^R verses Area Ratio 

types of load tests on plate with single granular pile and group of thiee piles. This plot 
also shows that for pile group tests, BCR values are greater than those for the .single pile 
tests. The equations for best fit curves for the case of single pile tests is 

t 

BCR = 0.075*0, d- 1.0 (3..i) 


and that for pile groups is 


BCR = 0.18 a, -f 1 0 


( 34 ) 


where area ratio, a, is expressed in percentage. 
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BtMring ca])arity ratio ohlampd from the actual field observations (Datye ^ Madliav, 
1989) and Miggeslecl earliei {Mitcliell, 1981 and Harksdah* ^ Baclnis, 1983) are also pU 
t<’d It (an !)(’ seen that for low valiu's of area ratio, (n^ < 2f)%), bearing cajiaciU ratios 
H( H obtained fioni tlie tests on plate with single graiiulai ])ii(‘ aie less than the langi"' 
of field observed and suggested values Howtwer for higher area ratio, BC H values are in 
lb at range For plate load tesds with group of three piles, almost for all values of ar/vi 
ratio, the BCR values are in llie range of actually field observed and suggested values. 


3.5.3 Undrained Modulus 

1 he total settlenient is composed of iinniediate setlleineiil upon loading and consolidation 
settlement fiom thesrlty soil. all the tests, the iniriKYliate settlement for each loading 
stage aie rumnlalively added and results of few tests are plotted against tlie applied stress 
as shown in hig 3.8 It can be seen tlu’se curves are nonlineai. jndu’aling a variation in tin 


Applied Stress. kPo 



e- eooo UPLT1 
□ DDoa UPLT2 
UPLT3 
0-^-m SPLT2 
ifi f klrlf SPLT5 
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Figure 3.8; fmmediate Settlement verses Applied Stress 
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inidrained moduli of untreated soil, Eu and equivalent moduli for granular pile reiiifonod 
ground, ovei the considered stiess range Knowing that immediate setlleiiKMit i.s 
iindrained in nature, the values of undrained nioduH - Ey, and E^g are calculated using 
tlie tlieoi y of elasljcjt}' for a rigid plate plared at the ground le\el asMiining hotnogen<*(nis 
(equivalent) soil condilion.s. The Poisson \s ratio, r is taken as 0 ■'i. Tor unremfoired soil 
Ey has values of 1.00, 0dM2 J.irif) MPa corresponding to plate diameters of 10. 7') 
and 125 mm, respectively', with an average value of 1 05 MPa. The ratios of deforinalion 
moduli of granular pile treated and untreated soils, Ef-gfEyt for the same plate diamelei 
aie plotted against the area ratio, in the Fig 3 9 



Figure 3 9* Ef^jEu verses >4rea Ratio 

It is observed that the modular ratio, Ecq/E^ mcreavses linearly with the area ratio, a, 
foi both the tests with a single pile and with group of thiee granular piles. Foi th(' same 
aiea latio, equivalent undiained modulus obtained from the results of load tests on plate 
with single pile are observed to be less than those foi the case group of three granular 
jiiles About 3 times increase in undrained modulus is indicated from pile group tests foi 
Or = 63%, whereaA for the same area ratio, only twofold increase is observed fioin load 
tests with single pile. For the case of load tests on plate with single granular pile, I he 
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l)p,st fit curve rai) pxpjpssed as 


Ee, = (0 0)5 fir + l)‘£^u 
and tliat for ^roiip of tlner piles is 

= (0 032 + 1) (3()) 

wlieie diea latio, Ur is expiessed in tlie perreniage 

Based on the analysis of field load tests on sandy soils, Sarnia (1994) reports about 
6-15 times increase m undrained inoduhis with area ratio langing between 15 to .33^X 
This indicates that veiy small increase in uiidiainecl modulus is obtained fiom small scale 
model load tests on lec oiisolidated silty soil deposits 

3.6 Shape of Granular Pile after Load Tests 

The gi anulai piles were excavated aftei the load tests to investigate the defoniied shape. 
At each 2 cm of excavation, the diametei of each pile was measured, down to full deplh 
The typical defoimed shape is plotted in Fig 3 10. 



Figure 3.10; Typical Shape of Gramiiar Pile after Load Test 
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It was obsrrved llial the maxinnini bulgo orcurred near the top of pile and raiigod 
from l() to 58 iiini below the top sinfd(e (lonipamig with the initia! pile diainetet of 
.'h'i nini, the nieosureyients are in rlosi* agreement witii the observations of Hiiglies d ni 
(1975) and Heigado Lam (1987) that IIk' riiaNimiiin bulge ot nirrt^d iieai (lie top surfa(e 
at dej>t)i of apjnoximatel}’ equal to one-half to one pile diameter 

3.7 Conclusions 

Based on the results of reronsolidat loii of the soil and model load tests, following cunelu 
sions can be made 

o For model load tests, ncousohdafwu tre/mif/ur ofTeis the best ( iioire to piepaie 
small scale, uniform and identical soil deposits 

o The total settlement during the rei onsolidation ])rocess are about 20 22% of tlii’ 
total height of the slurry sample w'itli initial watei content equal to 1.2 times the 
liquid limit. 

o The required consolidation time is predictable. 

o All the total stres.s applied during reconsol iclat ion process Weus not the virgin stre.ss 

o Based on results of water content profile, high uniformity of laboratory prepared 
soil beds was achieved 

o Due to dry installation method of granular piles, suiface heave was observed and 
the actual diameter of Hislalled granular pile was greater than the pipe dianietei. 

« 

o For all the load tests, with increase in area ratio, the su bgrade modulus, ultrinale 
bearing capacity and undrained modulus are observed to iiurease. 

o For same area ratio, the values of subgrade modulus, ultimate bearing capacity and 
undrained modulus from the load tests on plate with single granular pile are great ei 
than those for the load tests witli group of three granular plies. 

o Subgrade modulus of the granular pile reinforced soil is observed to decrease with 
increase in plate diameter. 
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o Bearing capacity ratio from load tests on plate with single granular pile is less than 
the field obseived and suggested values for low area ratio. However from tlie results 
of load tests with gioup of three j)iles, tlie BC fi values are in the range of artualb 
observed and suggested values 

o Very small increase in uiidi aim’d modulus is observed foi all the load tests 

o The obsei ved bulging of granular pik’s near the top surface at depth of approximate!) 
equal to one to 'one- half of pile diameter is similar to the reported observations. 

0 



Chapter 4 


BEARING CAPACITY 


4.1 General 

As a giound improvement method, granular pile reinforcement technique has five pur- 
poses. to enhance bearing capacity, to reduce deformations, to accelerate the rate of 
primary consolidation, to increase shearing resistance and to reduce susceptil)ility to liq- 
uefaction. The reduction of settlements rather than the bearing capacity of granular piles 
reinforced ground is generally the primary consideration while designing the structures. 
However there may be situations where bearing capacity calculations are critical such as 
for embankments, heavy tanks, or similar structures. Hence the determination of bearing 
capacity of a soil reinforced by a group of granular piles is an important consideration in 
the design process. In the present Chapter, an attempt is made to determine the bearing 
capacity of such a composite ground assuming that loading is through a rigid footing and 
the failuie surface is circular. 


4.2 Bearing Capacity of Composite Ground 

From literature review', it is found that the design calculations concerning the bearing 
capacity of such reinforced soils have been mainly presented for single, isolated granular 
pile based on different modes of failure, Bergado ei al (1991) tabulate the different 
approaches suggested by various researchers to determine the ultimate bearing capacity 
of such a composite ground. Design calculations concerning such reinforced soils have been 
presented assuming trench ,like reinforcement under plane strain assumption (Madhav 


37 



Bearing Capacity 


38 


Vitkar, 1978) and for single Lsolated granular pile assuming axisy metric condition (Hughes 
k Withers, 197-')) 

Very few attempts have* been made for the case of a soil reinforced by a group of 
granular piles Poi stiff and very stiff (oliesive soiK, Barksdale Baclius (1983) rejiorted 
an approach based on an assumption that the soil immediately beneath the foundation 
fails along a planei rupture surface, forming a triangular block To evaluate the shear 
resistance developed along the failure surface, they presented a procedure to determine 
average shear parameters of the composite soil. Further they suggested a method appli- 
cable for a giouj) of granular piles in soft soils similar to single, isolated granular pile In 
this method, ultimate bearing capacity of composite soil is given by 


f/ull “ 1 ) 

wlieie, Nc is a bearing capacity factor and is un drained shear strengtli of surrounding 
soil Barksdale & Bachus (1983) suggested the range of factor Nf. to be between 18 and 22. 
depending upon the compressibility of iii-situ soil Earlier, Mitdiell (1981) recomnieuded a 
value of Nc of 25 for vibro- replacement stone columns Based on number of case histones, 
Ddtyc Madhav (1989) found that the factor Nc ranges between 31 and 60 for the 
rammed stone columns. Of course, the equipment, construction technique and type of 
in-si tu soil have a significant influence on the factor Nc 

Enoki et al (1991) pre.sented a method to determine equivalent shear parameters of 
composite soil and carried out bearing capacity analysis assuming infinite extent of the 
reinforced ground beneath a rigid footing. However then analysis using equivalent soil 
parameters ovei estimates bearing capacity for the low values of area ratio and under- 
eslimate.s for higher values of area ratio when compared with conventional approach of 
equivalent soil parameters and the method suggested by A bosh i ei al (1979). 

Bouassida et al (1995) presented an approximate lower bound solution of the bearing 
capacity of composite soil mass using the equivalent soil parameters similar to those 
repoited earlier by Enoki ei al (1991). As expected, the reported equivalent cohesion 
reduces with incre<asing values of area ratio and frictional angle of column material (0^). 
However, for values of > 30®, the equivalent cohesion is found to increase rather than 
decrease Also, the expression given for the determination of equivalent cohesion does 
not satisfy the end condition for the case of fully reinforced ground i. e. for = 1.0 
This may be due to the assumption made regarding the determination of lateral confining 
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probsine on llip granular piles. Further their analysis is observed to be independent of the 
geometry (width) of the footing. 

1 hes(’ studies indicate that there is need to develope an approach wliicli ran predict the 
appiopiirtle inij)rovenient in the bearing capacity of composite soil and takes into account 
the effect of fail me surface and of the geometry of the footing In the present analysis, 
bearing capacity problem of a soil reinforced with a group of granular piles is converted 
to that of an equivalent soil problem and is solved by using two different approaches 


4.3 Problem Formulation 

'I he bearing capacity of a soft soli of depth, D, reinforced by the granular piles over a 
width, B (Fig 4.1) is considered. 



Figure 4 1: Bearing CApanty of RGin forced Ground 

In order to achieve a result that could be applied to a wide range of practical situations, 
the approach is not restricted to a particular shape of the footing or to a particular 
distribution of the granular piles. However for the sake of simplicity, all the granular piles 
are supposed to have the same diameter and spacing and installed in the same pattern 
(square or triangular). The granular piles have length Lg, diameter and spacing a 
Depending upon the pattern of piles, area ratio can be determined as 

~ Cg [dg J a) 

where, Cg = 1.270 for triangular; and 
= 1.013 for square patterns. 
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If tl)r foijDclutioi) is loaded rapidly, the undrained s))ear slreiiglh, is developed )n the 
cohesive st)il while tlie cohesion of the granular pile niaierial is zero. The reinforcement 
effect is fioni the frictioiial resistance of llie granular pile material. 

To deterinnic' the* Ix'aring capacity of a structure resting on sucli a composite soil, the 
reinforced soil is rejilacc'cl by an equivalr^nt soil as shown in Fig 4.2 of tlie same extent 




D 


i 


5 


Treated Ground 

7 *( I 


" 7 / 900 ?^ 


Soft Clay 

Cu, 7u I 


Hard/Firm Bearing Starata 


Figure 4.2' Beaniig f'apanty of an Ecjuiva/enf Soil 
whose shear strength parameteis are determined as explained in the following Section 


4.3.1 Determination of Equivalent Soil Parameters 

In the present analysis, the shear strength of improved ground is determined based on 
th e concept of equivalent anisotropic c — 0 ground as given by Enoki et al. (1991) The 
pioccdure to obtain Cc,, <l>g^ and is described as below. 

Fig. 4.3 shows a unit cell of impioved ground and is composed of a single granular 
pile and the in-si lu soil. 7’lie vertical stiess eJv the the weighted sum of stress cr,,^ on 
the granular pile and cTy^^ on the surrounding clay with respect to their areas as shown in 
Fig. 4.3 and expressed as 


cr,, = flr ■ C7„5 -I- (1 - (It) ' (4 2) 

where, denotes area ratio which represents the degree of improvement of the founda- 
tion bed Assuming individual failures of pile material and surrounding clay, the Mohr- 
Coloumb^s criterion gives 
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'vg 



Figure 4.3 CWi 


^v<7 = + 2 Cl 

^vc = (Th ^-2 + C2 \fNi (4.4) 

where A^i = tan^ (4h" + (^>}/2) 
aud N2 = tan^ ( 45 *^ -f ^2/2) 

111 above expressions cj, and ^6i, 4>2 denote cohesions and angles of shearing resis- 
tance of giaiiular pile materia) and clay respectively. 

From equations 4.2, 4.3 and 4.4 one gets 


= cr/i [(A^i - A^2) fir + ^ 2 ] 

+ 2 [c, a. vAi + C 2 (1 - a,) (4 5) 

For improved ground with equivalent cohesion, and equivalent frictional angle, 
the failure criterion becomes 

cr,„ = cr/, Aeg + 2 c,, (4.6) 

Comparing equations 4.5 and 4.6 one gets 


N,, = a. A', + (1 - a,) Nj 


(4.T) 
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and 


— 


Cl «r vWi" + C2 (1 - ar)\/777 


(4 8) 


^Ja, Af, + (1 - a,) Ni 
Assuming that thr granular ])ilf inaterial has no cohesion (cj = c, = 0) and that 
the soft soil IS Ml an unrliaincd stale (0^ ^ (l^u ~ 0)i the above equations reduce to 


Crt} — (1 flr) ]\ 


(4 9) 


0t(i = rr/2 — 2 tan ^ y/K (4.10) 

wheie, the (onstant l\ is 

/'■ = i/v^ 


1 4 (2 flr — 1) sin 0^ 

Equivalent unit weight within the composite ground is given by 

7cq “ 7u "h (1 rif) ')q (4 12) 

The treated giound is replaced by an equivalent soil with above parameters but of the 
same extent. 


4.3.2 Determination of Bearing Capacity 

In the present analysis, the problem of undrained bearing capacity of a reinforced soil 
with a group of granular piles is reduced to that of an equivalent problem as shown in 
Fig 4.2 and its solution is obtained by considering the two approaches as described below 

4.3.3 Approximate Lower Bound Solution 

In this simple, static approach, no particular slip surface is considered. At the limiting 
condition, the principal stresses for the elements in the equivalent soil zone can be repre- 
sented by the stresses acting on the element 1 as shown in Fig 4 4. In the outside zone, 
the major principal stress on the element 2 is horizontal. When the two elements are 
adjacent to each other at the vertical interface, it is evident that 0*1^3 = with a 

principle stress rotation of 90*^ between the two elements. 
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<^3,2 




(^1 .3 


«7i,3 


TYeated Ground 

Cej, 


Soft Clay 

Cti <f>u = 0' 


Figure 4 4, Approxijnfltr Lower Bound Solution 

Foi rlemont 2 , < 1 )^ = = 0^’ Heiu e one gets the major prim iple slres*^ a,s 

CT] 2 ~ ^ “ ^3, 1 

Foi element 1, just under the footing, the major principle stress j is 

<^1.1 = 9uit = 0-3 1 • tan^(45 + + 2 c^g • tan{45 + 4^cql'^) 

which reduces to 

<7u/, =’ 2 Cu • tan^(45 -f <?^e<,/2) + 2 c^, - tan(45 d- <^eg/2) 
Further simplifying, 


^ = 2 f /v„ + — 

Cti L C,! J 

1 d* (1 “■ ^r-) ’ ^ ] 


gti/l _ 2 


K2 


where, the constant /v is 


A — 1 / sj^eq 

1 — sin <f>g 


1 +(2 Or “ l)sin<^5 

Poi no granular pile reinforcement, Or = 0.0, and 4>eq — 4>u = ^ ^ h 

Hence the ultimate bearing capacity for untreated ground reduces to 

= 2 [1 + 1) = 4 


(4 13) 

(4 14) 

(4 15) 

(4 16) 

(4.17) 

(4.18) 
= 1 . 0 . 


(4.19) 
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HcMire tho bearing; capacity ratio, B(7/? ib expressed as 


Br/f 


?u//,wr 


2 


fi + (1 



kVk- 


(4.20) 


I'loin tlic above expre.ssion. it ran lie srni that the increase in bearing (a]>a(ity is a 
function of area replacement ratio, (ij. and the angle of shearing resistance of granular pile 
material, <f>g 


4.3.4 Limit Equilibrium Approach 

In this method it is assumed that when the footing is loaded, to produce the maximum 
bearing pressure, (/„/,, it will rotate about some center of rotdtion with the shear resistance 
lieing developed along the penmetei of a circular surface (Fig 4 5) 


O 



Figure 4.5‘ Limit Eqm/ibrium Approach 

The minimum value of is obtained by making search for the critical slip surface. 
The slip surface is assumed to be circular and starts from one of the edges of the footing 
as shown in Fig. 4.9, where R and Oa are the radius and half the angle subtended at the 
center of the trial arc, Taking irioments of all forces about the center, 0, and summing 
for equilibrium; 


f0o-{-6 /V' _ 

g^„(RsinOo - BI2)B = j R'^Cu'de + | R^c,,-d6 + Mwx (4 21) 

where, 

Myvx = Moment of frictional comp, of shear resistance along arc WX 


Bearing Capacity 


45 


Motnfnl along art W) Moinnit along arc XV 


= ^' / {H(lO'iosO) R{voi,0 - cosOq) {^e, cosi?) u^\(t> 
{/^sin<?0 -- - ficoi^Oo] tall 0,, • /? 




— (1 — CO.sOo) cos ft 


, (Oo 

\2 


sin 2fto . 
+ — : sin ft 


“) 


Hence equation 4 2) Incomes a,s, 




3 'ytq ^ 


tan 0 


+ 4- {0,~6)^\ + {R/B) 

t ^ w J C u 

n\ n f^o , sni2fto . 

— ( 1 - cos fto) ij cos ^0 I ~ + — ^ sin 6q j 

(4.22) 


which can be written as, 
where, 


Quit Cy 


(4 23) 


N: = (^)'-[(fto + ^) + {Oo~S)C] + (i?)^ • . tan 0e, • 

M /-rJwi fl X n f^O , Sill 2fto 

(1//^)(1 - cosfto) ^ cosfto I Y 4- — — 


— sin fto 


with /? = HjB^V - Ce,/c„ and A^* = ')eq' Bjc^ 

The expression for N* is minimized with respect to the radius of the arc of the slip 
surface, and lialf the angle, fto> iublended at the centei of the trial art A one point 
iterative search method is used to determine the parameters - critical radius, and 
critical angle, Ocry corresjionding to the minimum bearing capacity of such a reinforced 
soil. The ultimate bearing capacity of the footing lying on such a soil, is determined 
from the equation 4.22 Taking the bearing capacity of the unreinforced ground as 5.14 c^, 
the bearing capacity ratio, BCR is expressed as. 

Quit Quit 


QnU,t 


5.14 (c^) 


BCR = 


(4.24) 
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4.4 Results 

In this .srction, tlir compar.sion i.s made for different approaches for determination of 
equivalent soil paranieteis Oliarts are piesenled for deleiinination of these equivalent 
soil paiaineteis Furihci tlie pre.senl appioadies for the deleiinination of the bearing 
capacity of giamiUi pile reiiifoiced soil an* compared 

4*4.1 Comparison of Equivalent Parameters’ Approach 

As mentioned earliei, Priehe (1976) has suggested an approach to determine equivalent 
composite strength parameters of the treated ground which requires the area ratio cus 
well as the diametei of granular pile to l)e provided Furtlier Barksdale k Bachiis (1983) 
rej)orI a ronvenliona) iiietliod foi detenniiMlion of equivalent soil parameters bavSed on 
area ratio only iii which 


eq *“ (1 ^r) 

(4.25) 

II 

1 

(4.26) 


assuming that the </>„ = 0" c,, = 0 k Pa. To take into account the effect of on 0^^; 

equation (4 13) can be modified as 

= tan"''[ar tan 4- (1 — 0u] (4 27) 

Using the appioacb given by Enoki cf al. (1991), for selected values of soil parameters 
of in-situ soil and the granular pile and area ratio, the equivalent soil parameters are 
detei mined and compaiecl to the same obtained by using other two approaches as shown 
in the Table 4,1 . From the table it can be seen that the equivalent soil parameters obtained 
from three different approaches do not vary significantly. However for 0u = 0®, Priebe’s 
(1976) approach predict very low equivalent cohesion and very high equivalent frictional 
angle. For values of 0,^ > 0" tins approach predicts the higliest 0cg and intermediate 
Ceq. Hence Pnebe’s (1976) approach is applicable only to the soils having 0^ > 0^. The 
modified conventional method gives the highest Ceq and lowest 0^, for al) values of 0^, 
considered. The equivalent soil parameters obtained from the approach suggested by 
Enoki et al (1991) range between those obtained from the other two methods. Hence this 
approacli appears to be more appropriate to all types of soils. 
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Table 4.1’ of Eqiiivalnit Soil Pai'amctcrs 



/IfY-fl 

lj(}\tXV 

Soil 



Soil 

fUltW 



Appivach 

Hcjetrucf 

f^amuirtcri^ . 

«r (%) 

(kPa) 

n 



c„ = 4 kPa 


2.40 

22.40 

Priehr (1976) 

Pnobe 

<j,^ = H», <t,, = 40“ 

17.14 

3 31 

14 59 

modified conventional 

(1976) 

Cj, = 0 kPa 


2 78 

17.86 

Enoki et al. (1991) 

[undrained] 

cl. = 


00 

26.80 

Priebe (1976) 

Almeida ei al 

ctf, = 2;r, = 4r,« 

4 90 

0.0 

24.36 

modified conventional 

(1985) 

Pg = OA/V; 


0.0 

24,92 

Enoki ei aL (1991) 

[drained] 

c„ = If) kVa 


4.81 

25 46 

Pnoho (1976) 

Present 

II 

o 

11 

30.00 

10 50 

11.80 

modified coiivciilional 

Analysis 

c„ = 0 kVa 


9 68 

12.26 

Enoki ct al (1991 ) 

[undrained] 


4.4,2 Equivalent Soil Parameters 

The vaiiation of the latio of eciuivaient cohesion to undrained cohesion of soft soil, 
with area re])laceinent ratio, Or is plotted in Fig 4.6. The equivalent cohesion, Cp, turns 



out to be smaller than the undrained cohesion of the untreated soil for all values of the 
area replacement ratio. The reinforcement effect is entirely due to the frictional properties 
of the granular pile material and can be estimated by the equivalent friction angle, 
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Fig 


4,7 presrnt.s tho vaiiation 


of c(jui valent angle of shearing resistance, with area 



lalio, Or for different values of (f)^. As expected, the equivalent angle of sheaiing resistance 
inci eases with inei easing values of both Or and 

J he chaits shown in Fig 4.f) and Pig 4.7 can be used foi the rapid determination 
of equivalent slieai paranieteis of the composite soil From these charts, for area ratio, 
Ur = 0, the equivalent sheai parameters are - c^, = and = 0“ which 

are same as that foj Die cohesive soil (untreated ground). For «r = FO, = 0 and 
(f>rq = reducing to that foi the granular pile material. Hence, for both the equivalent 
sheai parameters S/ fho approach suggested by Enoki ci al (1991), satisfies the 
end conditions. 

Ilowev(*r, the concept of equivalent soil should be handled very cautiously (Bouassida 
ct al., 1995). It relies on the iwsuinption that tlie reinforcing inclusions are regularly 
distributed throughout the soil mass, and that the spacing between two successive inclu- 
sions ran be considered small enougli when compared to the characterstic length of tlje 
problem, such as the width of the footing or the width of the loaded area. 

4*4*3 Comparison of the Bearing Capacity Approaches 

In tills Chapter, two different approaches for the determination of increase in the bearing 
capacity of reinforced ground with granular piles are presented. The approximate lower * 
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boiiiul nirtliod predicts increase in beanng rapacity wlvich is a function of the area re- 
))lfV(enient ratio, dr and the angle of vsheaiing lesistance of the granular pile material, (f)g 
'J’his approach is foiipd to he independent of the geometry of the footing In the limit 
eciuilihi'iuin approach, a searcli is made for liie critical radius and the critical angle suh 
tendc’d at the center of the rotation, to obtain the least value of the hearing capacity of the 
improved ground, The bearing cajiacily of the reinforced ground from liniit equilibrium 
approach rs observed to he function of the width of the footing also. 

A prohlc’JTi involving the determination of hearing capacity of a soil reinforced with a 
group of granular i)iles is considered, and the results obtained by using different methods 
are compared with the preseni a|>proachc\s as shown in Fig. 4.8. 



Figure 4.8: C^onipanson of Diflercnt Approaches 

TliP approxiiniitp lowoi bound solution gives tlic least increase in the bearing capacity 
ratio for liio ciise considered. Tlie approarli given by Bouassida el etl. (1995) predicts an 
increase in bearing capacity of tiie composite soil soinewliat higher than the approxima e 
lower bound approach. This seems to be due to tlieir assumption made while determining 
the lateral pressure acting on tlie graiiiilai pile The increase in the bearing capacity of 
the reinforced ground obtained by using the limiting equilibrium approacli is observed 
to be higher than the other two approaches. The planer shear failure approach given by 
Barksdale k Bachus (1983) gives higher values of bearing rapacity ratio than all of these 
three approaches for all values of aiea ratio considered. 
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Hraring tupaciiy ratio obtained from tlip actual field observations (Datye fe Madhav, 
1.Q89) and suggested earlici (Milcliell, 1981 and Barksdale k Baclius, 1983) are also plot- 
ted. It can b( acH n that all of th(’s(‘ theoietical approaches underestirnate the values of 
healing capiK ity ratio, IK'H. 

i hi.s inav b{’ du(’ to tlu* fact that chu* to installation of giaiiulai piles, the strength 
propel ties of the in-situ soil get modified Also it is possible due to consideration of a 
lower value of the angle of shearing resistance of the granular pile material than the actual 
field value. The exact clcterminatioii of the actual in-situ diameter of the granular pile is 
also difliciilt wliicii may lead to undei eslmiatioii of the area replacement ratio All of these 
aforeiiKUitioned factors have majoi influence on tlie shearing resistance of the composite 
ground However these approaches may be useful to study the effect of other variables on 
the beat mg (afiacity irTi{)rovem<*nl . 


4.5 Parametric Study 

In 01 del to study tiie effect of various parameters on the bearing capacity of a soil rein- 
forced with a gioup of granular piles, a parametric study is performed using limit equi- 
librium ap])roacii as it takes into account the effect of the width of the footing In this 
analysis it is assumed' that, the extent' of the tieated ground is the same as the base width 
of the footing and the depth of tiie soft .soil layer is greater than the possible maximum 
deptli of the critical circular sli]) surface. The various paiameters considered are 

for Fooling. 

o Base Width, ff = 2 to 30 m. 
for Soft Soil: 

0 Unit Weight, 7,1 = 15 kN/ni'^ 

0 Undrained Cohesion, c,, = 20, 30, 40 kPa; 

0 Angle of Shearing Flesistanee, = 0". 

for Grnnular Pile: 

0 Unit Weight, = 21 kN/nP; 

0 Cohesion of Granular Pile material, Cg ^ 0 kPa; 
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o Anglo of Sliraring U(\sisUuu<', (/>j, = 3,')°, 40'’ ^ 45", 

0 Area l^atio, = 0.0, 0 1, 0 2, 0.3, 0.4 k 0.5 

Tho variaiioiKs of Ihv ciitual ladms and tho critital angle, 0^^ (half the angle 

siil)U*ntl<’d at tlu’ r('nl<'/ <?f IJk’ rotation), witti the other [)afaiiieterf) such as - area re- 
placement ratio, Ori cohesion lalio, Cf,,/c„, equivalent angle of shearing resistance, the 
non-dimensional factoi, 'y^q r/e, are .studied Further the effect of these parameters 

on the inii>rovemenL in bearing capacity is also studied. 


4.5.1 Effect of Area Ratio on & Ocj 

Jfi J’lg. 4.9 variation of the cntnal radni.s and the critical angle are plotted for 
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Figure 4.9; EO'eci of Area Ratio on Rcr ^ ^cr 


various values of the area ratio cohesion ratio, Ceqlc^ and equivalent angle of shearing 
rcsivStance, The variation of tlie ratio of tlie depth of the critical slip circle to the 

width of the fooling, Dcrl^ plotted. 

It is observed that the ratio, R,r/B continuously decreases with increasing values of 
the area ratio, c^q/cu and </»<.,/« The critical angle, Ocr initially decreases for the value 
of the area ratio Or upto 0.2 and then found to increase for 0.2 

central library 

I I. T., KANPUR 
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Jhr depth nvlio, D^/B decroa,sos with iticreavsing values of area ratio, indicating 
Ihal with iiicroiLsing clrgieo of rcinfoiTrnieiit, tl>r cntiral slip surfarp becomes sliallower 
Keeping the olliei p.iranieteis constant, (shown in Fig 4 9 ), the radius of the critiral 
slip surface is observed to be grealei than the width of the fooling for all values of area 
replarenient ratio, n, roiisideied. The half the angle subtended at the center of the 
rotation {0„) by the trial arc is observed to be ranging between f)?*’ and 67® 


4.5.2 Effect of on R„ and 

The efferl of the iioii-dimensioiial term 7^ on R„ and 0„ is depicted in Fig 4 10 It 
IS observed that with inrreasing values of the fartor the ratio, /f„/B coiitiiiiiousl.v 



< 1 ^ 

QJ 

feb 

c 

Q 


u 

o 


Figure 4.10: Effecl of on R„ k e„ 

increases from 0.G4 to 1.80. For constant 7 ^, h c„, Her increases with increasing values of 
the width of the footing, B. This may be due to the assumption made regarding the shp 

I 

circle that it starts from one of the edges of tlie footing. 

The critical angle O^r is observed to be decreasing rapidly from 80° to 43° for the case 
considered. For > 25, the critical angle, Ocr becomes almost constant equal to 43° 
The depth ratio, DcrjB initially decreases and then increases. This seems to be be 
due to the continuous increase in the value of the ratio, RcrIB and decrease in the angle, 
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Ocr> 1^01 t.lir viilu(‘H of I lie factoi 
in holWHMi 0 4 and 0..^). 


frcim L6 to 35.0, the ratio DctIB is observed to be 


4.5.3 Effect of r,, on BCR 

1 he vaiialion of bearing capacity ratio, BCR with area replacement ratio, for the 
difTeieiU values of undrained siiear strength, c,, of the in-situ soil, and the factor ^ is 

Cu 

dejiif led jii the Tig 4 J 1 . 



Pjguie 4.1 1 : BCR with Area Ratio - Effect of 

It is observed that for the constant width of a footing, with increasing values of 
undrained shcai strength, c,,, theio is relatively lesser improvement in the bearing ca- 
pacity of the composite soil. For J9 = 10 m and other parameters as shown in Fig. 4.11, 
the maximum values of the hearing capacity ratio, BCR are 1.72, 1 57 X: 1 40 corre- 
sponding to Cu = 20, 30 h 40 kPa respectively This may be due the reason that as c,, 
increases, the radius, R„ of the critical slip circle decreases, leading to corresponding de- 
crease in the length of the failure surface. In other words, the limit equihbrium approach 
predicts relatively highei values of improvement in the bearing capacity (BCR) for soft 
and very soft clays than that for the stiff and very stiff clays 
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4.5.4 Effect of on BCE 

I* 1^1 4<12 shows tilt Vj^riiitio)) of BC H with arf<i rt^plamiient ratio for different values 



of angle of shoAring resistance of the granular pile material, and the factor 

Foi all values of area ratio, considered, the bearing rapacity ratio, BCR increases 
with increiusing values of This confirms the fact that the granular pile material having 
higher angle of shearing resistance, results in higher hearing capacity of the composite 
ground, a^s the degree of reinforcement increases. All the curves show almost similai 
increase in the values of BCR. For the same angle of sliearing resistance of the granular 
pile material, <f}^y witii increase in the value of the factor there is increase in the 
healing capacity ratio, BCR. The maximum BCR values for an area replacement ratio 
flr = 0.5 and for the angle of shearing resistance of granular pile material, 4>9 = 40®, 
are 1.85, 2.35 h 3.00 corres]>onding to the values of the factor = 7.5, 15.0 k. 22.5 
respectively, 

4.5.5 Effect of on BCR 

Pig. 4,13 show.s the variation of the bearing capacity ratio, BCR with the factor, for 
different values of area replacement ratio, a,.. It is found that with increasing values of 



th(' frtrloi, tlu‘ bearing capacity ratio, £i('Ii hncaily mcreasrs for all values of the 
area ratio, Uf considoied. 

As obseivcd oarlioi, for constant uiulraincd shear strength, fy, with increasing the 
width of the footing, /?, there is an increase in the ladius of the critical slip circle, Rcr 
and in the corresjionding length of the slip siiiface Tins results in the higher values of 
bearing capacity latio, RCR. Foi constant width of the fooling, B, with increase in the 
value of undrained shear strength, theie is relatively less improvement in the bearing 
capacity of such reinforced soil. 

4.6 Conclusions 

Biised on the study piesented in this Chajitei, the following conclusions can be drawir 

o For the given parameters of in* situ soil, granular pile material and area ratio, the 
method suggested by Enoki c/ ai (1991) is the most appropriate method to de- 
termine tlie equivalent soil parameters for both type^s of analj'sis (un drained and 
drained). 

o The two approaches viz., approximate lower bound solution and the limit equi- 
librium metliod presented in this Ohapter, can be used to determine the bearing 
capacity of a soil reinforced with a group of granular piles. 
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0 Tlif* Hpproxiinatr lower houiul sol u lion gives linear incre^use in the bearing capacity 
ratio for all of vahics of area ratio ronsideied. 

o Th<’ limit ecpiilihr iuni approadi is nioie apj)ropriale to use than the approximate 
)ow(T bound metluxl as it involves the deterfinnalion of the critical circular failure 
surface and takes into account the effect of the width of the footing. 

0 By iiuieasing ilie width of the footing, the bearing capacity ratio increases The 
limit equilibrium approach predicts relatively higher values of improvement in the 
healing capacity (fiC^ R) for soft and very soft clays than that for the stiff and ver\ 
stiff clays 

0 As all of these a))proa( lies pi edict lowei values of the bearing capac ity ratio than ac- 
tually obs{*rve(l vahu's, mcMlincation by using upper bound solution or using different 
sliaj>es of faihue suiface (e. g log spiral) is necessary 

0 



Chapter 5 


SLOPE STABILITY 


5.1 Introduction 

Use of grcinulai ])il('s i.s one of tlio pro for rod al tor natives to improve marginal sites involving 
soft soils, to permit construction of onibankmonls such as foi highways or foi bridge 
ap)) loaches, (iiaiiular iiu locuso the factor of safety to an acceptable level with respect 
to geneial rotational oi tiaiislalional failures, to an acceptable level by foiming reinforcing 
elements, (haiiulai piles under the embankments are also used to reduce defoimalions 
Gcnoially tlio whole aioa undei the embankment is treated by adopting an area ratio in 
the range 10 — 40%. llowevei granular piles can also be used to increase the stability 
of existing slopes undei going cieep (Rathgeb k Kutzner, 1975) In this case only the 
area undei side slojie is treated using liigher area replacement ratio Hence for the design 
of oniliankmoiit constructed on soft natural soil reinforced with granular piles, stability 
analysis is an itn])orlaiit step. 


5.2 Stability of Composite Ground 

Stability analysis of reinforced ground using granular piles is usually carried out in the 
same inannei as for noniial slope stability problem except that the effect of stress concen- 
tration on gianular pile is considered. Based on the undrained shear strength of soft soil, 
the transveiso shear strength of gianular pile and area replacement ratio, shear strength 
of composite ground is determined. Using elasticity and Rankine s earth pressure the- 
ory, Priebe (1976) has presented a method to determine the shear strength parameters 
(cohesion and angle of shearing resistance) foi composite ground whicli then can be used 
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111 iho coil volitional motlioci of stability analy.si.s to dptmimie the factor of safety. The 
iiH'thocI given by Aboshi ci al, (1979) deteiinines the weighted average shear strengtli 
of granular pile and surrounding clay assuming appropriate value of stress concentration 
fa( (oi. Uark.sdale and Baclnis (19K.1) fist further two approaches .such as ^ Profile niethocl 
and Lunijied Mtiss Monienl method In Profile method the effect of stress concentra- 
tion is bandied by taking thin, fictitious soil layer at the enibankment-ground interface 
Lumped mass nionieiil iiielhod is generally suitable for hand calculation (Bergado ci al , 
1991). Based on direct shear tests on model unit cell, Madliav (1992) reported that shear 
strmigtli of composite ground also depends upon the .stres.s level and the modular ratio of 
granular pile and the suriounding soft soil. 

It IS obseived (Aboslii cl n/ , 1979, Rathgeb Kulzner, 1975) that stability analysis 
of eiii!)dnkments coiistriicteci over soft ground reinforced with granular piles is geiieiall} 
cairied out with cirdilar slip surfeues Based on .Janbii’s generalised procedure of slices. 
Sablialnt (1994) has carried out stability analysis using non-circular failure surfaces and 
repoited that ciicular slip surface analysis based on Fellenius method (Rathgeb ^ Kutzner. 
1975) overestimates the factor of safety by 4,0% only. He also pointed that tliere exists 
an optimum pile length beyond which the factor of safety is unaffected by granular pile 
length for given embankment geometry, embankment and foundation soil properties 
In the present analysis, the slioai strength of improved giound is estimated based on 
equivalent anisotropic .strength concept given by Enoki ci al (1991) It is found that 
the eailier studies do not indicate the required extent of treatment of foundation soil for 
ojitimal increase in the factor of safety of the embankment founded on it An attempt 

I 

is made to study the efr('ct of varying of the extent of treated ground beyond the toe 
or towards the .slojie on the factor of safety, to help the designer in the choice of the 
appro])riale design paiameters 

5,3 Method of Analysis 

Under limit equilibrium tlieoiy, although several stability analyses methods have been de- 
veloped, simplified Bishop’s metliod which satisfies the moment equilibrium is considered 
for the present analysis. Since Sabliahit (1994) reports that factors of safety obtained 
circular and non-circular slip surfaces do not vary significantly; the stability analysis is 
carried out by using circular slip surfaces only. 
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6.4 Problem Formulation 

Simple slopes without side berms are considered for the present analysis. Fig 5.1 shows an 



embankment having height, //, crest width, base wndth, B and side slopes iV.cot/S H 
constructed on soft ground. Embankment material has unit weight ')e. cohesion, q and 
angle of shearing resistance, <j>c while the soft natural soil has unit weight, 7^, cohesion, 
Cu and frictional angle, <f>u. The soft clay having thickness, i), is underlain by a relatively 
stifF/hard stratum, 

The clay deposit is reinforced with granular piles of length, Lg, (foi end beaiing piles 
Lg = D) having diameter, dg and sparing, s. Depending upon the pattern of piles, area 
ratio can be determined as 
Or = c, {dg / a) 

where, c, = 1.27 for triangular; and 
= 1.013 for square patterns, 

The extent of treated ground is denoted by o 5 Hence if 
a = 1 ; treated area is upto toe; 

< 1 ; treated area is within embankment; 

> 1 ; treated area extends beyond the toe. 

As granular piles reinforce the ground beneath the structure, they (granular piles and 
the ground) should be treated as an entity and the focus of analysis should lean towards 
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the global rt’sponsr of the composite ground rather than towards the detailed response of 
(Mch reinfoHing element (Randolph, 
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jPigure 5.2’ /iepiacenient by an Equivalent Soil 

The tieated ground is replaced by an equivalent soil as shown in Fig, h 2 with unit 
weight, 7c(/i cohehion, Ceq and angle of frictional resistance, determined as explained 
in Section 4.3.1 

5*4.1 Determination of Factor of Safety 

Trial failure circular surfaces are generated from left to right. Initial point of a slip surface 
IS taken <it or left of point A (Fig. 5.2) and ending point anywhere between the left crest 
and the right toe (ITC-D). Slip surfaces located above the hard stratum and within the 
clay only ari' ronsideied. Foi a given set of properties, the factor of safety is obtained 
using “POSTABLR” .(Carpenter, 1986) program For each case, 100 trial surfaces were 
generated by varying their locations 


5.4.2 Comparison of Present Approach 

To validate the results obtained by the present method of analysis, the stability of an 
embankment as reported by Rathgeb Kutzner (1975) has been taken up and studied. 
The concerned embankment was 11.4 m high constructed on soft clay having thickness of 
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e.r) ni nncl uiulpilaiii by loamy gravel. Ollier geotechnical properties are shown in Fig. 5.3 



Figlirr 5 3 Cojiiparison of cbffcrevt inelhods of stahjbiy analvsi*> 

Tho u'])oit(*cl (Ratligrh k Kutznc^r, lOVT)) factor of safety is 1 03 for the un reinforced 
case and 1.33 foi llie improved soil corresponding to an area ratio fir = O.U) with the crit- 
ical slip surface touching the hard stratum. Sahhaliit (1994) predicted a factor of safety of 
0.99 for untreated soil and 1.277 for the reinforced soil The present analysis predicts fac- 
toi of safety of 0.901 for the unreinforced case and 1.469 by Janbu^s method (random slip 
.surface); 1.407 by Janbu’s method (circular slip surface) and 1 458 by modified Bishop’s 
analysis (circular slip surface). Thus the pre.sent method of analysis predicts factors of 
safety that are close to tho.se reported earlier (Rathgeb k Kutzner, 1975) and obtained 
(Sahhalut, 1994) for tlie unremfoiced cavse hut some what higher for the reinforced ca.se 

5,4*3 Parametric Study 

Result.s' to .show the influence of different parameters on the stability of tlie considered em- 
bankment on reinforced soft soil are presented based on an equivalent anisotropic shear 
.strength concept. As the diameter^ spacing and pattern of granular piles can be con- 
veniently studied by ’just considering the area ratio (a^), the same is considered in the 
present analysis. The various design parameters considered are the width and the height 
of the embankment, side slopes, embankment cohesion and angle of shearing resistance, 
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undraitird sheai strength of foundation soil, shear parameters of granular pile, thickness 
of clay Iay(M and length of gianulai piles. It is assumed that the granulaj pile material 
has no eoliesioii and the foundation soil is jitirely cohesive. The extent of treated ground 
IS ex])ie.sM'd in trims of th(’ base widlli {H) of the embankment as oB The lenglb of 
gianular pile is only to provide the stability foi the embankment but not on consideration 
to reduce the settlement. These parameters are varied and results are expressed in terms 
of factor of safety Once the area ratio is known, the spacing and diameter of granular 
piles can be determined based on equipment available. These graphs can also be used for 
design of a given embankment 

The vaiious values of the parameters considered for 

tlt( h'jnbaiikv}(ut' 

o Height, // = 8 m; 

0 (best Width, M' = 4, 1*2, 20 m, 

o Base Width, B — 36, 44, 62 m, 

o Side Slopes: 1 // : coift V where cot/? = 1 5, 2 0, 2 5, 

o Unit Weight, ')f = 21 kN/nv'^; 

o dohesion, Ce — 20, 25, Sz 30 kPa; 

o Angle of shearing resistance, <})e = 20®, 25®, 30" 

ihe Soft Soil: 

0 Unit Weight, 7,, = 19 kN/m^; 

o Undrained cohesion, = 15, 20, 25 kPa (average values) and varying with 
deplli (as shown in Fig. 5.6,b); 

I 

o Angle of shearing resistance, = 0^1 
0 Dcptli of clayey bed, D = 8, 10, 12, 14, 16, 20, 24, 30 m. 

the Cmnular Pile: 

o Unit Weight, 7^ = 21 kN/m*^; 

0 (Cohesion of granular pile material, Cg = 0 kPa; 
o Angle of shearing resistance, (j>g = 35", 40® h 45®; 
o Length of granular piles, Lg =8, 9, 10, 11, 12, 13, 14 m; 

0 Area ratio, a^. = 0.0, 0.1, 0.2, 0.3, 0.4 h 0.5. 
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For thr rxlrnt of trralcd ground, thr factor a is varied as, 

0 = 07 , 0 . 8 , 0 . 9 , 1 . 0 , 1 . 1 , 1 . 2 , 13 , 1.4 ^ 1.5 

The Vdiiation of factor of safety with area replacement ratio for different values of 
factoi o is shown in Fig 5,4, keejnng all th(’ other variables constant The factor o is the 



Figure 5.4:^ Factor of Safety w/tii Area Ratjo for various values of o 

ratio of the width of treated ground to the base width of the embankment and indicates 
the extent of ground strengthened by granular piles. For all values of a considered, the 
factor of safety increases with increasing values of area ratio. For a particular value of 
aiea ratio, the niiniinum area ratio, to obtain the factoi of safety at least equal to unity, 
is observed to be in the range of 12 — 17% for a varying from 1.5 to 0.7 At = 0 35, 
the in Clements in factor of safety are almost constant and equal to 0.25 for increase in 
values of a from 0.7 to 1 .2. However when cv increases from 1 ,2 to 1.5, the factor of safety 
increases fiom 1.44 to 1 52 only. 

To show quantitatively the effect of the width of treated ground on the factor of safety, 
percentage increase in factoi of safety with respect to unreinforced case has been estimated 
for different values of’ area ratio, a,, and presented in Fig 5.5. For the range of area ratios 
considered, improvement in factor of safety can be achieved by increasing the value of 
factor a. For low area ratios, {<1^ = 0.1 to 0.2), the improvement in factor of safety is 
gradual for all values of a considered. For higher, area ratios, > 0.3), in the range of a 

varying from 0.7 to 1.2, percentage improvement in factor of safety increases linearly and 
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I’"iguro % Improveuwnt /n Far/o7 of Safety w'/fii Area Ratio 

becomes iilmost constant beyond a = 1 2 nidicatin|; that there is no additional benefit if 
width of leinforced giound is greater than 1.2 times the base width of the embankment 
EiFert of depth of hard stiatum {D = 8, 10, 12, 14, 16, 20, 24, 30 rn) on factor of 
safety is plotted m Fig 5.6 with end bearing granular piles It is interesting to note that 



for all values of area ratio considered, the factor of safety is nearly independent of depth 
of hard stratum* It is found that the critical slip surfaces do not vary with D for all 
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and tho maximum depth of tho critical slip surface is found to be less than 8 m (the least 
depth considered) foi the rases considered. 

However length and dianietei of granular piles are very important parameters, con- 
sidering economy. Iin lease in pile diameter is co.st effective as compared to increase in 
pile length In practije length of gianulai pill’s is provided upto the liard stratum if it is 
available at shallow dej)th and termed as end hearing piles. Whereas if thickness of soft 
clayey bed is very high, then floating granular piles are to be designed for an econom- 
ical length and provided. An attempt has been made here to investigate the minimum 
required length of granular piles when hard stratum is available at a great depth 

Fig. .5.7 shows the variation of factoi of safety' with area ratio for lengths of granular 



piles, = 6, 8, 10, 11, 12, 13, and 14 m and for thickness of soft clay layer, D = 20 m 

Foi all values o{ Lg considered, factor of safety increases, with increase in area ratio 

\ 

However for Lq = 6 8 iiiy the maximum value of factor of safety is less than 1.0 

even with an area ratio of 0,5. This i.s due to major portion of the critical shp surface 
passes through unreinforced ground than through the treated ground, as the depth of the 
critical slip surface is observed to be greater than the length of granular piles provided 
For the pile lengths beyond 12 m, the factor of safety remains constant indicating that 
Lg = 12 m is the optiinum pile length for the case considered and there is no change in 
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lli(‘ locations of critical slip surfaces. The ininiinnin area ratios for factor of safety to be 
giealei than 1 0, are in tlie range of 0 13 to 0.23 for Lg = 12 rn to 10 m respectively. 

From h'lg 3.8 it is ol>seived that foi thicknes.s of clayey layer, D beyond 12 m, the 
optininni y>ile length {Lg = 12 7n) reniain.s constant foi this given embankment geometry 
and all otliei paiaineters as shown in Fig 3.8. For shallow depth of hard stratum i,e 



Figure 5.8: Fartoi of , Safety vvitJj Area flatio for different D & Lg 


D < VI 7n, end beaiing piles should be provided for the maximum increase in factor of 
safety 

The vaiiatioii of factor of safety with area ratio for D = 12 m Lg = 10 m, 

I) = in k Lg = 10 rn, and D - m k Lg = 10 m are also plotted in Fig. 5.8 
Foi all values of area ratio, the fa<tor of safety for U = \2 m k Lg = 10 m are 

highei tlian those for D — in k Lg — 10 rn. For low area ratios (Of < 0.2), 
factor of safety obtained for D = 14 m k lg = 10 m are identical with those for 
D - 12 in k Lg = 10 m. However as the foundation soil gains significant strength due 
to higher aiea ratio, and ciitical slip surface moves downwards resulting in same critical 
slip surface tis those for D ^ in k Lg = 10 in giving low factors of safety. 

7^he variations of factor of safety with area ratio for various values of side slopes and 
base widths (cot ^ ^ 1,5, 2.0, 2.5 and B = 36, 44, 52 m) are plotted in Fig. 5.9 for 
constant top crest width, W 12 rn and optimum pile length, Lg = 12 m All 

curves show similar variation in factor of safety with increasing values of area ratio. By 
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KiguK’ 5.1) /'ac/oi of Stifrt} with Area Ratio foi chffnoiU Side ,S7opes A: Ba.se VV'jf/lJi 


jiieredAMig valnr of njl ji from 1 5 to 2.0, (flatteiojig side f>)ope.s), factor of safety increases 
foi all values of aiod' ratio Howevei for cot ft = 2.b k Lg — 12 771, the factors of 

safety obtained ate le.ss than those for col ft = 2.0 Sz Lg = 12 ttj for all values of 
To understand this hehavioui, the critical slip sui faces foi ftr = 0.3 are determined and 
plotted in Fig. 5.10. 



Distance, m 

Figure 5.10: Critfea/ Slip Surfaces for different Side Slopes &. Lg 


It can be seen that for cot^ = 2.5 ^ f^g ^ 12 m the critical slip surface becomes 
very deep and since its major portion passes through soft clay (slip surface 4) low value 



Slope Stability 


68 


of flirt , 01 of nafoly i.s olilaincd. However by inrieasing L, by 2 ni only, the critical slip 
Mirfare move.', iijiwards (slip siiifare ;)) re.siilting i,, higher fartor of safety 

The variation of fai toi of safety witli area ratio for different value.s of the side slope.s 
and (re.st width (lof/y = | h, 20, 2.ri k H" = 20, 12, <1 ni) are plotted m Fig .h-l 1 
fot ti - ‘M ni k- L,, = 12 ni All iiiive.s show similai inrrea,se m fartoi of safely with 



Figure 5.1 1 Fiiciov HtiiHy W'il.ij Area Ratio for diTTereut .S'ic/e .VJopes tL" Crest Width 


iucrea.se in area ratio By increasing values of cotj9, i.e. flattening the side slopes, the 
factor of safety increases as the magnitude of driving moment decreases, However there 
iiS deciease in top crest width as the base width is kept constant for change in value of 
cot //. 

The vaiiation of faetor of safely witl\ aiea ratio for different values of the undrained 
shear stiength of tiie in-situ soil is plotted in Fig 5.12. Three average undrained shear 
strengths as 10 kPa, 15 kPa k 20 kPa and one which varies with depth (as shown in 
Fig. 5.7.1)) are eoiisideied. As expected, the factor of safety increases with increasing 
value.s of aiea ratio for all values of Using average shear strength of = 10 kPa, for 
given thickness of clay layer, the factors of safety obtained are less than those obtained 
using the actual in-si tu shear strength profile whereas use of average shear strength, c^^ = 
20 kPa leads to ovei estimation of factoi of safety. Hence it would be more appropriate 
to determine the factor of safety based on the actual in-si tu shear strength profile than 
the average shear strength values. 
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1 lit’ vai irttion of fcirtoi of safety with area ratio for various values of angles of shearing 
resistanre of granular pile material is shown in Fig. 5.13. All curves show similar variation 



of factor of safety with area latio. Foi all values of considered, factor of safely increases 
non-1 in early for lower area ratios but the increase in factor of safety is observed to be Imeai 
for higher aiea ratios. The minimum area ratio required for factor of safety > 1.0, drops 
from 14% to 8% when 4>g increases from SS'’ to 45". For = 0.3, the factors of safety 
are 1.28, 1.44, &: 1.60 corresponding to = 35", 40" k 45" respectively showing equal 
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incronieiit.s in factoi of safety. 

Kireci of angle of shearing resistance = 20^ 25^ 30“) and cohesion fc, = 20, 25, 
30 kPa) of einl)anknient material on fnrloi of safety are shown in Fig 5.14 and Fig 5 15 
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Figure 5.14. Factor of Safety w/lii Area Ratio - effect of <l>r 
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Figure 5.15: Factor of Safety with Area Ratio - effect of 


For both angle of shearing resistance and cohesion of embankment material, factor 
of safety increases non- linearly for low values of area ratio but the increase in factor of 
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safrty ift obsrrvcfl to lx* linear for higher values of area ratio. However there js no marked 
iit( least* in farloi of safely foi increasing either = 20^’ to 30" or c, = 20 kPa to 30 kPo 
for all valiie.s of area ratio con si tiered. Hence the stability of embankment constructed on 
.soft giound n‘inh)i(ed by gjaunlai piles is mainly governed by the strength properties of 
unreinfort ed gioiind and gianulai pile malerial 

5.5 Conclusions 

Based on the results presented in this study, the following conclusions can be drawn. 

o 7'he analysis prorediiie presented for enibanknionls constructed over a soft founda- 
tion soils reinforrerl with giaiiular piles, is efficient to estimate tlie factors of safety 

o 'Die fartoi of safely increases with increase in the area ratio of replacement 

o 0])linial iinpiovement in the factor of safety of tlie embankments is achieved by 
providing widtli of leinfoioed zone 1.2 times the base width of embankment. 

o Foi the ca.ses considered, H/D = I.O to 3.75, the factoi of safety is observed to be 
inclependent of thickness of clayey bed for end bearing piles. 

o For values of II /I) upto 1.75, end bearing piles can be provided while for higher 
Vcilues of UID^ desiied level of factor of safety can be achieved by providing floating 
piles having length //j = 1.75/7 

o The geomotiy of embankment (side slopes, crest width and base width) has major 
influeiKe on factor of safety. 

o Factor of safety increases witli increasing values of uiidrained shear strength of 
foundation .soil and angle of shearing re.sistance of granular pile material However 
it will be more ajij^ropiiate to use actual in-silu shear strength profile rather than 
average values of strength throughout the depth of clayey bed 

o Stability of embankments constructed on reinforced ground using granular piles is 
governed by pioperlies of in-situ soil and granular pile material but independent of 
the properties of embankment malerial. 

I 

I 
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Chapter 6 


CONCLUDING REMARKS 


6,1 Conclusions 

Based on the study presented in tlio pievious Chaplcis, the following conclusions can be 
drawn: 


6.1.1 Load Tests 

o For model load tests, reconsohdaiion iechmque offers the best choice to prepare 
small scale, uniform and identical soil deposits in the laboiatoiy with controlled | 

stress history. Further soil properties are reproducible. ^ 

i 

I 

o Large volume change taking place during the consolidation phase can be avoided by i 

keeping low initial water content. Howevei, it should be ensured that slurry is well 

■ ; 

mixed to produce homogeneous deposits. l' 

I 

o The amount of time required for the consolidation of soil deposits can be approxi- [ 

matcly estimated by using the criteria suggested by McManus L Kulhawy (1993). . 

I (I 

0 Due to dry installation method of granulai piles, surface heave and enlargement of ! 

uncased holes were observed. 

o From the results of load tests it is observed that with inciease in area ratio, the , » 

subgrade modulus, ultimate bearing capacity and undrained modulus inciease. ^ i 
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o For same area ratio, the values of subgrade modulus, ullimaie bearing capacity and 
undrained modulus from the load tests on plate with single granular pile are greater 
than those for the load tests with group of three granular piles, 

o Subgrado modulus of the granular pile reinforced soil is obscivecl to decrease with 
increase in plate diameter. 

o Bearing capacity ratio from load tests on plate with s ingle granular pile is less than 
the field observed and suggested values for low area ratio However from the results 
of load tests with group of three piles, the BCR values are in the range of actually 
observed and suggested values. 

0 Very small increase in undrained modulus is obscivcd foi all the load tests 

o The observed bulging of granular piles near the top suiface at depth of appioximately 
equal to one to onc-half of pile diameter is similai to the repoitcd observations 


6.1.2 Bearing Capacity 

o The two approaches viz , approximate lower bound solu tion and the limit equibb- 
rium method can be used to determine the bcaii ng capacity of a soil reinforced with 
a group of granular piles. 

o The approximate lower bound solution gives lineai increase in the bearing capac- 
ity ratio for all of values of area ratio considered Further, the limit equilibrium 
approach is more appropriate to use than the appioximate lowei bound method as 
it involves the determination of the critical circulai failure surface and takes into 
account the effect of the width of the footing. 

o By increasing the width of the footing, the bearing capacity ratio increases The 
limit equilibrium approach predicts relatively higher values of impiovement in the 
bearing capacity (BCfi) for soft and very soft clays than that for ihe stiff and very 

stiff clays. 

6.1.3 Slope Stability 

o The analysis procedure presented for embankments cons.tructed ovei a soft founda- 
tion soils reinforced with granular piles, is efficient to estimate the factors of safety. 
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o Oplinnftl improvement in the factor of safety of the embank men Is is achieved by 
providing width of reinforced zone 1.2 times the base width of embankment. 

o For the cases considered, H/D = 1.0 to 3.75, the factor of safety is observed to be 
independent of thickness of clayey bed foi end bearing piles 

o For values of HjD upto 1.75, end bearing piles can be provided while for higher 
values o{ H ! desired level of factor of safety can be achieved bj providing floating 
piles having length = 1.75//. 

o The geometry of embankment (side slopes, crest uidlh a nd base uidtli) has major 
influence on factor of safety. However, it is observed that slabilitx of embankments 
is not governed by the strength properties of embankment matciial 

6.2 Suggestions for Further Work 

For preparation of soil deposits using reconsohdation technique, loading by means of 
hydraulic jack will be more appropriate to aviod stress fluctuations. Further, use of 
pore pressure mca 5 nrement devices will reflect more detailed consoliclalion behaviour and 
strength properties. 

Detailed load testing program can be carried out to study effect of preconsolidation 
stress on behaviour of granular pile reinforced soil. 

As all of these available approaches predict lower values of the bearing capacity ra- 
tio than actually observed values, modification by using upper bound solution or using 
different shapes of failure surface (e. g. log spiral) is necessary. 

The present approach for stability of embankments on gianulai pile reinforced ground 
can be modified to take into account the effect of stress concentration in the granular 
piles. 


■ 0 — 
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